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PREFACE 


This volume is the final portion of a correlation of data and 
a critical summary of the world^s knowledge on the constitution 
and properties of iron-carbon alloys. The preparation of this 
book on the properties of carbon steels and cast irons has pre- 
sented many problems not encountered in most of the other 
monographs of this series One of the important problems was to 
decide what should be included and what should be omitted, in 
other words, whether this volume could be made to cover the 
field with reasonable completeness without assuming the bulk 
of an encyclopedia 

The primary object of Alloys of Iron Research is to prepare 
monographs which are comprehensive critical summaries of the 
world^s research on iron and its alloys and which should, neces- 
sarily, contain a discussion of all important available data. 
This postulates that the literature be thoroughly reviewed and 
that nothing of importance be omitted from the bibliography and 
from mention in the text. In the case of the present book this 
was impossible. The extent of the literature on the properties 
of plain carbon steels and cast irons is almost boundless. Even 
after rejecting from the thousands of published articles the direct 
duplications, condensations, and abstracts and the papers which 
restate previously reported facts in slightly different form, more 
than two thousand papers remained. Although these were 
reviewed in preparing the manuscript, it was impossible to include 
even all the important ones and still keep the book to a reasonable 
size 

The procedure finally adopted for this second portion of the 
iron-carbon monograph was, therefore, the same as that used by 
Samuel Epstein in preparing Volume I, namely, to sift the litera- 
ture carefully and to select those data which would establish 
most readily the desired base line of properties — a base line with 
which the properties. of alloy steels may be compared — and which 
would indicate most clearly the engineering and other properties 
expected from commercial carbon steels and cast irons. 

vu 



Vlii PREFACE 

There are so many possible variations in the composition, 
structure, and treatment of commercial carbon steels and case 
irons that it was not unexpected to find, when the literature was 
reviewed, that there were few if any data upon the effect of carbon 
as the only variable influencing the properties It was, however, 
somewhat surprising to learn that the amount of data on the 
various subjects to be covered varied widely Owing to the small 
amount of information available for some of these subjects — the 
properties of hot-rolled steel is a notable example — it was possible 
to review and correlate the published data with some degree ol 
completeness For other subjects there was such a mass of 
information available that the data finally selected are only 
a small fraction of the total amount published In this case the 
selection was made, from papers available at one or more large 
libraries in this country, piimarily to establish most clearly 
the desired line of reference, and not exclusively on the basis 
of merit Consequently there are a number of excellent pieces 
of work which are not mentioned in this monograph That they 
are not included is no reflection upon their quality; it means only 
that there are other reports, more readily available, which contain 
similar mfoimation or which establish the desired line of reference 
more readily For still other subjects, particularly those in 
which the method of test has as much influence upon the prop- 
erties as the material, the selection of data was made primarily 
to indicate the trend due to carbon and to give typical values foi 
typical materials tested by the most readily reproducible methods 

As this monograph is fundamentally a base line for the mono- 
graphs on the other alloys of iron, and as it is more likely to be 
used as a reference book than some of the others, all temperatures 
are given in degrees centigrade and, with the exception of a few 
in Chapters XV and XVI on physical constants, have been 
converted to the nearest 5 degrees Fahrenheit 

Frank T. Sisco. 

New York, N Y , 

January, 1937. 
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THE ALLOYS OF IRON 
AND CARBON 


VOLUME II 
PROPERTIES 

CHAPTER I 
INTRODUCTION 

Classes of Commercial Iron-carbon Alloys — Variables Affecting 
the Properties of Commercial Iron-carbon Alloys — Tensile Tests — 
Statistical Methods Applied to Mechanical Properties 

Steel is civilization's most important material and owes its 
importance almost wholly to carbon. Its form, distribution, and 
behavior, when alloyed with iron, determine whether the iron will 
be malleable or not, strong or weak, tough or brittle, hard or 
soft. Since the beginning of the steel age, with increasing use 
of steam and the resulting economical methods for melting and 
refining, progress in making and adapting steel to man^s needs 
has depended almost solely on his advancing knowledge of the r 61 e 
played by carbon. Even the development of alloy steels has not 
dimmed the importance of carbon; most alloying elements are 
added' for the specific purpose of modifying the structure and 
improving the properties of a carbon steel. It is, of course, true 
that there are a few iron alloys, known commercially as alloy 
steels, in which more than a very small amount of carbon is 
undesirable, b ut in general all alloy steels may be conside^red 
carbon sto^te-Wntaining a specific amount of one or more addi - 
tional alloying elements. Jrom this it tollows that the best 
methodof studying the structure and properties of any alloy steel 

1 



2 


THE ALLOYS OF IRON AND CARBON 


is to compare it with an unalloyed carbon steel of otherwise 
similar composition and of similar history. 

The dual object of a monograph on the iron-carbon alloys was 
stated by Epstein in Volume 1. A portion of this will bear 
repeating. These commercial alloys are of interest to many — to 
metallurgist, steel maker, engineer, and a number of others — for 
two reasons. In the first place, the constitution and properties 
of carbon steels and cast irons serve as a base line with which the 
increasingly useful alloy steels may be compared. ... In the 
second place, a summary of data on constitution and properties 
helps to establish the value of plain carbon steels and cast irons as 
structural materials and should indicate what engineering proper- 
ties can be and are being secured without the use of alloying 
elements.’^ 

Before taking up the correlation of data on the properties of 
commercial iron-carbon alloys it is advisable, in this first chapter, 
to discuss briefly the various classes of iron-carbon alloys so that 
there will be no misunderstanding as to what is meant by carbon 
steel, cast iron, or malleable iron; to outline, also briefly, some 
of the variables which may have an effect on the properties; to 
define what is meant by tensile strength, yield strength, and other 
mechanical properties as used in this and other monographs of the 
series, properties which are not defined in more detail later in the 
book; and to advocate, tentatively and somewhat hesitantly — in 
view of the many other important things metallurgists must do 
before our knowledge of carbon steel and cast iron is complete — 
the wider use of statistical methods in studying the mechanical 
properties of commercial steels and cast irons. 

A. CLASSES OF COMMERCIAL IRON-CARBON ALLOYS 

In the 80 years which have elapsed since the commercial devel- 
opment of the Bessemer and open-hearth processes, metallurgists, 
chemists, engineers, and teachers have been attempting to define 
steel and to distinguish it by definition from ingot iron, wrought 
iron, cast iron, and other products of the iron and steel industry. 
Some 60 years ago, these efforts were complicated by the develop- 
ment of alloy steels which made it necessary to distinguish 
between ordinary steels in which carbon is theoretically the sole, 
and actually the main, controlling composition variable, and alloy 
steels m which the effect of the carbon is intensified and occasion- 
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ally partly nullified — but always complicated — by the effect of 
one or more alloying elements. 

More than 60 years ago an international committee was 
appointed to consider the question; in 1876 a preliminary report 
was made to the American Institute of Mining Engineers. The 
work was continued until 1906 when the Committee on Uniform 
Nomenclature of Iron and Steel of the International Association 
for Testing Materials, with H. M. Howe as chairman and 
Albert Sauveur as secretary, made its final report The defini- 
tions proposed, while doubtless as satisfactory as could be then 
formulated, left much to be desired from the standpoint of clear- 
ness and conciseness 

The definitions proposed by this Committee have been pub- 
lished so widely and are so well known that it is not necessary to 
reproduce them verbatim. All that has been done, therefore, is to 
indicate briefly how the various terms which denote the com- 
mercial iron-carbon alloys are used m this monograph and in the 
other monographs of the series. For this purpose the products of 
the iron and steel industry have been divided into six classes: 
(1) commercially pure iron, (2) wrought iron, (3) carbon steel, (4) 
cast and pig irons, (5) malleable iron, and (6) alloy steel 

1. Commercially Pure Ifon, Wrought Iron, and Carbon Steel. — 
Commercially pure iron is, as the term implies, the element iron 
m as pure a form as can be, or as is, produced commercially and 
includes electrolytic iron, sponge iron, and open-hearth ingot iron 
Data on these three classes, together with the available data on 
irons specially purified in the laboratory, form the subject matter 
of a previous monograph, ‘‘The Metal — Iron.^'^^^^^ The most 
important of the commercially pure irons is, of course, open-hearth 
ingot iron which normally contains less than 0.03 per cent each of 
carbon, manganese, and sulphur, and even smaller amounts of 
phosphorus, silicon, and a number of other elements. According 
to an analysis given by Cleaves and Thompson of a representa- 
tive open-hearth ingot iron, the iron content by difference was 
99.78 per cent. A few data on the properties of open-hearth 
ingot iron are given in the present monograph as typical of com- 
mercial iron containing traces to very small amounts of carbon. 

Wrought iron is essentially a very low carbon steel, made by 
oxidizing, without completely melting, the charge and containing 
therefore a fairly pure ferrite matrix with which numerous slag 
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particles are intermingled. In hot working, these particles are 
elongated into stringers which give to wrought iron its well-known 
directional properties. Wrought iron usually contains less than 
0.10 per cent carbon and manganese and less than 0.04 per cent 
sulphur. Phosphorus is ordinarily higher than in carbon steel, 
produced by melting and refining, but seldom higher than 0.20 per 
cent. The amount of wrought iron now being produced is an 
insignificant part of the world’s total ferrous-metal production. 

For the purpose of these monographs, carbon steel may be 
defined as a commercial iron-carbon alloy containing less than 
1.7 per cent carbon (point E of the iron-carbon diagram) and 
varying but usually relatively small — less than 1 Pr 1.5 per cent — 
amounts of manganese and silicon and even smaller — less than 
0.15 per cent — amounts of sulphur and phosphorus. In addition 
carbon steel contains traces and sometimes appreciable amounts 
of a large number of other elements, some of which form the 
so-called non-metallic impurities, including gases. 

In a recent effort to formulate a definition of cast iron the 
British Cast Iron Research Association* proposed the following 
definition for steel. Steels: Alloys of iron and carbon (other 
than malleable cast iron) with or without other elements, which do 
not contain carbide eutectic or graphite eutectic in the micro- 
structure.” This definition does not distinguish between ingot 
iron, which is usually an iron-carbon alloy, wrought iron, and low- 
carbon steel, by the slag cpntent or by the refining process. It 
omits a specified carbon limit, usually placed at 1 7 per cent, 
because of the effect of some of the alloying elements on the loca- 
tion of point E. 

The composition of carbon steel is discussed in greater detail 
below. 

2. Cast Iron, Pig Iron, and Malleable Iron. — A wholly satis- 
factory definition of cast iron has never been formulated. The 
Committee on Uniform Nomenclature defined it as ‘4ron contain- 
ing so much carbon or its equivalent that it is not malleable at any 
temperature.” The lower carbon limit for cast iron is nearly 
always placed at point E on the diagram, i.e., at 1.7 per cent. 

The recent definition by the British Cast Iron Research 
Association is as follows: *^Cast Irons: Alloys of iron and carbon, 

* Norbttry, a. L : Cast Iron and Steel Differentiated, Iron Age^ Nov. 7, 

lOaR 9Jl anH 104-119 * 
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with or without the other elements, which contain carbide eutectic 
(white cast iron) or graphite eutectic (gray cast iron) or both 
carbide eutectic and graphite eutectic (mottled cast iron) in the 
microstructure/' This is probably the most satisfactory defini- 
tion yet proposed for cast iron. Pig iron, of course, is cast iron, 
cast directly into pigs from the blast furnace. 

The definition, by the same body, for malleable iron follows 
directly from the definition of cast iron^viz,: Malleable Cast Iron: 
The product obtained by eliminating the carbide eutectic from 
solid white cast iron by decarburizing (white heart), or by con- 
version into graphite by annealing (black heart ).^’ 

In the United States both the American Foundrymen^s Asso- 
ciation and the National Bureau of Standards are working 
on the problem of formulating an acceptable definition of cast 
iron. 

3. Alloy Steel. — As yet no adequate definition of alloy steel 
has been formulated.* Although carbon and alloy steels cannot 
be separated with scientific precision, it is easily possible, at least 
for a number of the alloying elements, to determine practically 
whether the material falls within one or the other of these two 
classes. If, for example, an alloy, not added primarily for 
deoxidation, such as nickel, chromium, vanadium, molybdenum, 
copper, tungsten, etfc., is intentionally added (either as the metal, 
as a ferroalloy, or as part of the charge) in the amount required to 
have the desired effect, the resulting product is clearly an alloy 
steel. 

If, on the other hand, none of an alloy is intentionally added, or 
if a small amount is added primarily for deoxidation, the finished 
product is usually classed as a carbon steel even though a small 
adventitious amount of the element, resulting from the accidental 
admixture of alloy scrap or other material in the charge, may be 
found by analysis in the finished steel. This is only true, how- 
ever, if the adventitious amount is so small that it does not 
have a marked effect (aside from deoxidation effects) on the 
structure or properties. Except for nickel, copper, and molyb- 
denum, which do not oxidize and thus tend to increase in scrap 
over a period of years, most steels classed as carbon steel contain 
such a small amount of residual alloys that, for the present at 
least, these may be ignored. 

♦ The American Iron and Steel Institute is working on this problem, 
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Most steel makers consider that, if steel contains less than 
0.20 or 0.25 per cent nickel and less than 0.10 pei cent copper or 
molybdenum, the material is carbon steel. Until further work is 
done on the effect of small amounts of alloys on the properties and 
structure of carbon steels (an important but woefully neglected 
field), these percentages, at least for the purposes of the mono- 
graphs of this series, may be taken as the dividing line between 
carbon and alloy steels. It must be remembered, however, that 
these percentages may be used as a dividing line only in classifying 
steels in which nickel, copper, and molybdenum are determined by 
analysis. As they are not usually determined in routine steel- 
plant analysis of carbon steels, there is no way of telling how many 
steels have been made, rolled, and used as carbon steels which 
contained enough of one or more of these three elements to put 
them, by this arbitrary dividing line, into the alloy-steel class if 
the percentage of residual alloy were known. 

In the case of the elements which oxidize in preference to iron, 
such as chromium, vanadium, tungsten, aluminum, titanium, and 
zirconium, there is usually such a small amount (less than 0.05 
or 0.10 per cent at most) remaining after melting and refining 
that the heat can rarely be classed as an alloy steel. Specific 
data on the effects of small amounts of these alloys on the proper- 
ties and structure of carbon steel are, except in the case of those 
elements which control grain size, almost wholly lacking; hence, 
until data are reported which show that less than 0.05 per cent, or 
0.10 per cent in the case of chromium, of the element has a marked 
effect, it will be necessary to consider steels containing small 
residual percentages of these elements as carbon steels. 

4. Silicon and Manganese in Carbon and Alloy Steels. — There 
is no way at present to differentiate between carbon steels con- 
taining considerable amounts of manganese and silicon, and 
manganese and silicon alloy steels containing low percentages of 
these elements. 

Steels known throughout the industry as carbon steels may 
contain as much as 1.25 or even 1.50 per cent manganese and as 
much as 0.30 or even 0.50 per cent silicon; on the other hand, data 
are reported by Greiner, Marsh, and Stoughton^®^®^ for ^^silicon- 
manganese’^ steels containing less than 1.00 per cent manganese 
and less than 0.50 per cent silicon. These authors quoted a 
specification, by the American Society for Testing Materials, 
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for '^silicon structural steels in which it is stated that the silicon 
shall be ^^not under 0.20 per cent/^ and in which the manganese 
content is not specified. 

Regarding silicon, Camp and Francis^^^®^ stated: 

Since silicon-treated steels may contain more than 0.50 per cent 
silicon and silicon alloy steels may contain as little as 0 50 per cent, the 
nearest custom comes to supplying a definition for silicon steels is to say 
that no steel containing only silicon, m addition to the carbon and 
manganese usually present in carbon steels, is to be considered as an 
alloy, or a special, steel unless the silicon content exceeds 0.50 per cent. 

As few values for carbon steels, except in the case of cast 
material, reported in the following pages were obtained on material 
containing more than 0.30 per cent silicon, there is little, if any, 
duplication of data in the present monograph and in ^‘The Alloys 
of Iron and Silicon . ^ 

Many of the carbon steels the data for which are reproduced 
and discussed in the following chapters contained around 1 per 
cent manganese. In correlating these data, an arbitrary dividing 
line of 1 25 per cent manganese was decided upon to separate 
carbon steels from low-manganese steels with, however, the full 
realization that a discussion of the properties of low-manganese 
steels in the forthcoming “The Alloys of Iron and Manganese^’ 
would include material designated as manganese steels and con- 
taining less than 1.25 per cent. 

B. VARIABLES AFFECTING THE PROPERTIES OF COMMERCIAL 
IRON-CARBON ALLOYS 

If commercial carbon steels were pure alloys of iron and 
carbon and if cast irons were pure alloys of iron, carbon, and 
silicon, there would be fewer problems involved in assembling 
and correlating data on their properties. What the result of 
such a correlation would be is an interesting speculation but quite 
beside the point, as there never have been, and most likely never 
will be, absolutely pure binary iron-carbon and ternary iron- 
carbon-silicon alloys made commercially. 

Probably there are no commercial metallic materials which are 
equally hard to purify and in which small amounts of impurities 
have such a marked effect as in steel and cast iron. The amount 
and distribution of the impurities and the many other variables 
which may affect the constitution and properties of carbdn steel 
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and unalloyed cast iron have been discussed in some detail in 
the first volume of this monograph (Chapters I, XI, and XII), 
hence only a brief summary is justified here. 

6. The Composition of Carbon Steel. — The approximate 
amounts of the four elements which, in addition to carbon, are 
nearly always included in routine chemical analysis of carbon 
steels made by the principal steel-making processes are as follows: 


Kind of steel 

Approximate range, per cent 


D 

■ 

P 

Carbon steel 




0 01 to 

Basic open-hearth tonnage steels, not 

1 25 

0 50 

0 08 

0 12 

deoxidized with silicon 

0 30 to 

Trace to 

0 02 to 

0 01 to 

Basic open-hearth tonnage steels, de- 

0 60 

0 05 

0 05 

0 045 

oxidized with silicon 

0 60 to 

0 10 to 

0 02 to 

0 01 to 

Acid Bessemer tonnage steels, mostly 

1 25 

0 30 

0 05 

0 04 

J 

low-carbon 

0 30 to 

Trace to 

0 02 to 

0 OT/o 





Wm 


More than 98 per cent of the carbon steel producecMT this 
country falls into the last three classes given above, the 

above four elements affect the properties; manganese ajfa phos- 
phorus to a greater extent (at least for the amount^ usually 
present in carbon steels) than silicon and sulphur. In basic 
open-hearth carbon steels the manganese may vary widely and, 
consequently, be mainly responsible for the marked variation 
in properties frequently noted in basic steels of the same carbon 
content. The much greater percentage of phosphorus in acid 
steels than in the basic product has a profound effect on the 
mechanical properties of material otherwise of the same 
composition. 

Not only does the composition of steels of the same carbon 
content, as ordinarily determined, vary within fairly wide limits 
from grade to grade and from heat to heat, but, because of 
segregation, it may also vary from ingot to ingot, billet to billet, 
and even from bar to bar in the same heat. 
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The first two factors, therefore, which may affect the properties 
of commercial iron-carbon alloys of the same carbon content are: 
(1) the amount of manganese, silicon, sulphur, and phosphorus 
in steels of different grades, or made by different processes, or in 
different heats; and (2) the amount of these elements when 
segregated in steel of the same grade, made by the same process, 
and in the same heat. 

In addition to accidental, occasionally large but usually small, 
amounts of alloying elements such as nickel, chromium, vanadium, 
copper, molybdenum, and others which may be present, commer- 
cial carbon steels may also contain small amounts of other 
elements, usually picked up from the charge. Among these, 
mentioned by Epstein in Volume I of this monograph, are arsenic, 
tin, lead, zinc, antimony, and aluminum and occasionally titanium 
or zirconium from the deoxidizers used. Except for the control 
of gram size by aluminum, the effect of such accidental small 
amounts of these elements is not known. Furthermore, these 
impurities are rarely determined, so that there is no information 
available on how frequently traces of these impurities may be 
encountered in steel or cast iron. 

Also present, but determined infrequently, may be traces or 
even appreciable amounts of non-metallic material such as 
sulphides and arsenides, of gases, especially oxygen, nitrogen, 
and hydrogen, and their reaction products. That oxygen, 
especially in the form of oxides and silicates, and nitrogen affect 
the structure and properties is certain; little or nothing is known 
about hydrogen except that it apparently causes acid brittleness 
in pickling. 

The next two factors, therefore, which may influence the 
properties of commercial iron-carbon alloys of the same carbon 
content are: (3) the accidental, small, and usually undetermined 
amounts of metallic impurities which may be picked up from the 
charge; and (4) the variable amounts — usually small but some- 
times appreciable — of gases and their reaction products and other 
visible or invisible solid non-metallic inclusions which may be 
present. This last factor has an especially important effect on 
the directional properties, on the resistance to single-blow 
impact, and in some, instances on the resistance of a steel to 
repeated stresses. 
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6. Other Variables Which May Affect the Properties of Car- 
bon Steels. — There are a number of factors, in addition to the 
composition, which may affect the properties of iron-carbon alloys. 
A large part of these may be brought together under the broad 
heading of variations in microstructure. It is hardly necessary 
to do more than mention .that the properties of a 0.50 per cent 
carbon steel vary with the relative amounts of ferrite, lamellar 
pearlite, spheroidized cementite, troostite, martensite, or austenite 
present. The most important variable, in addition to the com- 
position, which affects the microstructure is, of course, the thermal 
treatment. Others are the mechanical treatment and the size 
of the section. The size, number, or distribution of visible and 
invisible inclusions are also complicating variables in determining 
the final microstructure of the test specimen 

Another factor, related both to the composition and to the kind, 
number, size, and distribution of the inclusions, is the effect of 
the steel-making process, namely, whether the steel was made by 
an acid or a basic process, under strongly oxidizing, mildly 
oxidizing, or reducing conditions, how it was poured into molds, 
and how rapidly it solidified after pouring Although the char- 
acter of the steel-making process may be considered as a separate 
factor. It IS so thoroughly entangled with differences in composi- 
tion and with the amount and character of the visible and invisi- 
ble inclusions that no one can say definitely whether a steel of a 
certain carbon content, melted and refined in a basu; open-hearth 
furnace, would differ in properties from a steel of the same carbon 
content made in an acid Bessemer converter, if these other 
variables were not complicating factors 

The last factor, which has been receiving much animated 
attention lately, is the tendency in some steels, melted and refined 
in a certain way, for gram growth to occur at much lower tem- 
peratures than in other steels of practically the same composition, 
thus producing large differences in grain size in similar steels, 
similarly treated, and the tendency of some steels to age harden. 
According to Epstein (Volume I, Chapter XII, of this mono- 
graph), these two tendencies are the components comprised in the 
old term ‘^body,’^ which was once widely used to describe the 
difference in resistance to dynamic stresses and the marked differ- 
ences in response to heat treatment in two steels of the same 
composition as determined by the usual analysis. 
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The three other factors, then, which may affect the properties 
of steels of the same carbon content are (5) the effect of the 
microstructure, which depends upon the composition, thermal 
treatment, cross-section, and mechanical treatment; (6) the effect 
of the melting, refining, and pouring practice; and (7) the effect 
of certain tendencies — the causes of which are mostly obscure 
and the terminology of which is not yet established — for grain 
growth and age hardening under certain conditions. 

There are almost as many variables affecting the properties 
of cast iron as there are influencing the properties of the lower 
carbon alloys First and most important, of course, is the com- 
position. Others are the conditions of melting — including the 
nature of the process, the melting or superheating temperatures, 
and conditions of solidification and cooling — size of the section, 
thermal treatment, and the so-called heredity effect which 
includes the effect of visible and invisible inclusions. 

7. The Accuracy of Available Mechanical-property Data on 
Carbon Steels. — There are probably no published data on the 
mechanical properties of carbon steels in the determination of 
which all of the above variables are considered. In the first 
place, the determination of the effect of some of them is 
difficult or even impossible at present because methods are 
imperfect or not available at all. In the second place, investi- 
gators do not usually take into consideration all of the factors 
which may affect the results, even when methods are available, 
either because it would complicate their problem too much or 
because they do not recognize that these variables are important 
In the third place, investigators are often careless about reporting 
all of the facts which are known. Thus a paper on the properties 
of carbon steel may contain the analysis for manganese, silicon, 
sulphur, and phosphorus, and even for some of the more common 
alloying metals; it may, and usually does, give the thermal 
treatment (usually however with many important details lack- 
ing) ; it may give the size of the section treated, and may even give 
details of the mechanical working and the process by which the 
steel was made, but it usually neglects to give any details of 
melting and refining, pouring practice, location of the specimens 
with respect to a specific part of the ingot, or temperatures of 
rolling, and the like. ' There is almost never any information on 
adventitious impurities or on the contained gas and non-metallic 
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inclusions even as determined by the imperfect methods now 
available. Until very recently, the effect of grain-growth tend- 
encies was unknown and, of course, ignored. 

It follows from this that few, if any, of the properties given in 
the following pages should be considered as final or complete. 
Fortunately, however, in much of the published work the effect 
of only one variable was investigated and the other variables 
were, perhaps unwittingly, kept constant For example, if an 
investigator determined the effect of tempering temperature 
on the tensile properties, it is usually safe to assume that his 
specimens were all from the same heat and probably from one 
single bar in the heat. This would, of course, reduce greatly 
the chances for large variations in composition, in melting, 
refining, pouring, and rolling practice, in adventitious impurities, 
in non-metallic inclusions and gas, in grain size, and in segregation. 

Thus, the properties correlated in the following pages should 
show trends due to certain variables with fair accuracy. Most of 
the data reported in this volume are of this type. Comparisons 
of the data of one investigator with those of another — a few 
such comparisons are made — are of exceedingly questionable 
reliability. General conclusions on the effect of such broad 
variables as the melting practice and a few others cannot be drawn 
with any degree of accuracy from the data available, statistical 
analysis should assist in making such conclusions more reliable. 

C. TENSILE TESTS 

One of the most important factors for the reliability and 
reproducibility of mechanical-property data is the method of 
testing. Although this and other monographs of the series are 
not concerned with testing per se, some mention of testing methods 
is justified, especially as the interpretation of the data presented 
in these monographs, and the comparison of these with other 
data, cannot be made readily unless some details of the testing 
methods and their effect on the results are known. 

Testing methods may be divided broadly into two classes: (a) 
standardized and (b) unstandardized tests. In the case of the 
former, it usually is not necessary to report all of the testing 
details; with unstandardized tests, however, full details of the 
method, including a description of the specimen used, are impor- 
tant and should always be reported together with the data 
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obtained. Unfortunately in many of the reports in the literature, 
even in some of the most comprehensive ones, this is not done. 
In this event a reviewer of the literature has the alternative of 
ignoring such reports, or of accepting the values reported as 
comparable among each other on the assumption that the 
original investigator at least maintained uniformity of method 
and specimens throughout his investigation. 

After careful consideration it was decided to devote some space 
in the later chapters of this monograph to methods of making 
such unstandardized tests as those for hardness, impact, endurance 
(which is now standardized to a greater degree than some of the 
others), creep, damping, corrosion, deep drawing, machinability, 
and wear. In some of these — ^for example, machinability and 
wear, where the data obtained depend solely upon controlling 
closely every testing condition and are valid only for those condi- 
tions — the very nature of the subject precluded any more than a 
brief discussion of the tests and their practical value, if any; 
in other cases more details could be given. 

8. Methods Used for the Determination of Tensile Properties. 
The four static properties (tensile strength, yield strength, 
elongation, and reduction of area) are determined by methods 
which are fairly well standardized. * Although there are many 
variables in making these tests which need to be defined more 
carefully, the uniformity in the determination of these four 
properties, throughout the world, is sufficient — at least in com- 
parison with such tests as those for machinability, wear resistance, 
and the like — so that results obtained in one country are com- 
parable with fair accuracy with similar results obtained on like 
material in another country. 

Much valuable work has been done on the standardization 
of tensile testing in this country by the Committee on Mechanical 
Testing of the American Society for Testing Materials.* Partic- 
ular attention has been paid to the dimensions of specimens, to the 
speed of testing, and to the determination of the property loosely 
termed, especially in the older literature, elastic limit, propor- 
tional limit, or yield point. 

* The following specifications have been issued: E8-33; E6-32T; E4-33T; 
E9-33T These have recently been reviewed by R L Templin, chairman 
of the Section on Tension Testing, m Metal Progress, February, 1936, pp. 
29-32. 
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Tensile Strength , — Although the absolute accuracy of tensile 
strength depends upon the dimensions of the specimen, the speed 
of testing, the sensitivity of the machine, and the alignment of the 
specimen in the machine, the values for this property as reported 
throughout the world probably are as accurate and as comparable 
as the values for any mechanical property. It is not possible to 
give the probable amount of error in the tensile-strength values 
reported in this and the other monographs of the series; it may, 
however, be assumed that, when the tensile strength of a steel is 
reported as 33 5 tons per sq. in., 52.7 kg. per sq. mm., or 75,000 lb. 
per sq. in., it has an actual tensile strength not far removed from 
these values. 

Yield Strength — The yield strength has been defined by the 
American Society for Testing Materials as the stress at which a 
material exhibits a specified limiting permanent set. This 
is measured by determining from the stress-strain diagram the 
stress necessary to produce a set of 0.2 per cent; or, lor ductile 
materials, by the drop of the beam of the testing machine or by a 
pair of dividers. The methods for the determination of yield 
strength are standardized and are reproduced in practically all 
metal specifications and handbooks of testing 

Yield strength, determined m routine testing by the drop 
of the beam or by dividers, was formerly called yield point; 
this term is still used widely in the United States and England. 
The German property ‘^Streckgrenze,^^ always here trans- 
lated as yield strength, is the drop-of-beam yield point or the 
stress producing a set of 0 2 per cent. 

The only other value similar m character to yield strength 
used in this series of monographs is proportional limit, which is 
defined as the greatest stress which a material is capable of 
developing without deviation from Hookers law. As the propor- 
tional limit, when determined carefully from the stress-strain 
curve, is for all practical purposes the same as the elastic limit, the 
latter term is not used at all. Parenthetically it may be said here 
that the values for elastic limit in the older reports, especially 
as determined in routine testing laboratories, are actually drop-of- 
beam yield points and so are always reported as yield strength. 
Practically, the proportional limit, as used in these monographs, 
is a special yield-strength value in which the limiting set is not 
measurable with the instruments used and, hence, is considered 



INTRODUCTION 


15 


to be zero. In a few proportional-limit values in the following 
chapters the limiting set was 0.05 per cent 
The yield-strength values reported in these monographs may or 
may not be comparable. In most German reports the limiting 
set for this value is known; in the other reports it usually is not 
known and so may not be comparable with values given in Ger- 
man reports. In general, however, the values in any one report 
are comparable with each other. 

Elongation — Elongation values are directly comparable only 
when the cross-sectional area of the specimen bears a fixed 
relation to the gage length In the United States the gage 
length of round specimens which differ from the standard 
0.505 X 2-in. test bar is calculated by the formula 

(? = 4 5\/I 

where G is the gage length and A the cross-sectional area in square 
inches So long as all specimens conform to this relationship, 
elongation values are comparable 

Values determined on U. S. A. standard round specimens 
(0.505 X 2 in.) which have a cross-sectional area of 0 2 sq in are, 
however, not comparable with the values obtained on standard 
British specimens having a diameter of 0 564 in., a cross-sectional 
area of 0.25 sq. in., and a gage length of 2 m. 

Two types of round specimens are used in Germany, the long 
specimen, with a diameter of 20 mm (0.787 in ) and a gage length 
of 200 mm. (7.875 in.), and the short specimen with a diameter of 
20 mm (0.787 in ) and a gage length of 100 mm. (3 937 in ) 
The elongation values obtained with these specimens are not 
directly comparable with British or American values as the 
formulas for the German specimens are 
Long: 

G = 11 3\/A 

Short: 

G = 5.65a/A 


where A is given in square millimeters. 

The standard round specimens used in France have a diameter 
of 13.8 mm. and a gage length of 100 mm. The formula is then 

G = 8VI 
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All the elongation values reported in this series of monographs 
were, unless otherwise specifically stated in the text, obtained on 
U. S., British, German, or French standard round specimens of 
the dimensions given on the preceding page.* 

Rediictton of Area , — As values for the reduction of area are 
expressed as a percentage of the original area, all such values 
obtained on standard round tensile specimens should be roughly 
comparable. 

D. STATISTICAL METHODS APPLIED TO MECHANICAL 
PROPERTIES 

For many years workers in such diverse fields as physics, biology, 
sociology, insurance, business administration, and many others 
have made use of statistical methods to analyze the large volume 
of numerical data accumulated in these fields. The use of sta- 
tistical analysis has many advantages It largely, eliminates 
the personal factor in the interpretation of test data; it supplies 
important information which can be obtained only with great 
difficulty, if at all, by other means; it frequently shortens greatly 
the time necessary to interpret correctly a large volume of data, 
and it gives important information on the character of the varia- 
bles present, whether they are or are not beyond the control of the 
investigator. 

9. Importance of Statistical Analysis. — The importance of 
statistical analysis for the ferrous and non-ferrous metal indus- 
tries has been realized only in the last few years. This is shown 
by the growing literature on the subject, mostly published since 
1930. It is out of place here to review this literature or to give a 
comprehensive bibliography, but the work of Daeves at the 
Vereinigte Stahlwerke in Germany, of Shewart at the Bell 

For a more detailed discussion of elongation than is given here the 
reader is referred to C A Bertella: Sulle prove di tensione dei metalli. 
Relatione fra Tallungamento di rottura e le proporzioni delle barrette 
(T’ensile Tests of Metals. Relation between Elongation and the Proportions 
of the Test Specimens), Giornale del Genw Civile y v 60, 1922, pp 343-368, 
who m 1922 developed a formula which expresses the precise fundamental 
relationship between cross-sectional area, gage length, and elongation This 
formula has been discussed by R L. Templin. Effects of Size and Shape of 
Test Specimen on the Tensile Properties of Sheet Metals, Proc Am Soc 
Test Mai , v. 26, part 2, 1926, pp 378-402, and by D A. Oliver* Proposed 
New Cnteria of Ductility from a New Law Connecting the Percentage 
Elongation with Size of Test Piece, Proc. Inst. Mech. Eng.y 1928, pp. 827-864. 
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Telephone Laboratories, New York, of Committee E-1 of the 
American Society for Testing Materials, and of the British Stand- 
ards Institution should be mentioned.* 

Earlier in this chapter it was emphasized that practically 
every factor in the production of a finished steel section is subject 
to variations and that these variations affect the properties. 
There are, perhaps, a few properties of iron-carbon alloys which 
can be stated in absolute terms — specific gravity, heat of fusion, 
thermal conductivity, and the like — ^but only a few; in the case 
of most of the important engineering properties the best that can 
be done for any specific class of commercial iron-carbon alloy is 
to give an approximation. When a steel maker says that he will 
supply deep-drawing sheet with a tensile strength of 50,000 to 
55,000 lb. per sq. in. he means that the material he produces with 
his standardized practice has a strength within this range most of 
the time ; but he knows that there will be a relatively large number 
of heats, and'occasionally a few sheets of the same heat, which will 
have strengths above or below the required limits. This is true, 
not only of tensile strength, but also of all the other important 
engineering properties 

* K Daeves has pul)lished a large number of papeis m the German tech- 
nical press and has summarized much of his work in his book, Praktische 
Grosszahl-Forschung ” (Practical Statistical Investigations), VDI Verlag, 
Berlin, 1933, 132 pp WE Shewart is author of a large number of papers, 
and his book, Economic Control of Quality of Manufactured Product,” 
D Van Nostrand Co , Inc , New York, 1931, 501 pp , is a broad and com- 
prehensive discussion of the whole subject The Manual on Presentation 
of Data” published m August, 1933, and the supplements to this manual 
issued later in the same year by the American Society for Testing Materials 
give methods of applying statistical analysis to the interpretation of test 
clata Other papers which should be mentioned are the elementary dis- 
cussion by R F. Ferguson on *^The Interpretation of Plant and Laboratory 
Test Data,” in J, Am Ceramic Soc , v 13, 1930, pp 354-362, and the paper 
(of great practical interest to steel men) by W C. Chancellor on the Appli- 
cation of Statistical Methods to Metallurgical Problems in the Steel Plant,” 
in Proc Am Soc Test Mat , v 34, part 2, 1934, pp 891-919 Just pub- 
lished by the British Standards Institution is a 160-page booklet on *‘The 
Application of Statistical Methods to Industrial Standardization and 
Quality Control” (No 600, November, 1935) A well-known standard work 
is R A. Fisher^s ‘‘Statistical Methods for Research Workers,” Oliver and 
Boyd, London, 5th ed , .1934, 333 pp All these publications contain 
References to earlier and in some cases to mathematical dissertations on 
statistical theory. 
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Obviously then, it should be of vital importance to be able 
to tell with accuracy whether this variation in properties repre- 
sents a normal variation resulting from chance and is to be 
expected under given controlled conditions of operation, or 
whether it is due to assignable causes which can be traced to 
their source and thus perhaps placed under control. It is the 
object of statistical analysis to tell this. 

According to Chancellor* 

it is undoubtedly true that variabihty in connection with steel making 
and relationship between steel-making variables constitute major prob- 
lems in this field. [This is as true for variables which affect mechanical 
properties as it is for the variables which affect melting and refining ] 
There is a general tendency to deal with averages in speaking of steel- 
plant problems, and in spite of the fact that average values are very 
often satisfactory, the variation over and under the average constitutes 
the real source of the difficulty A knowledge of the degree of vari- 
ability and some conception of the causes of such variability will help 
materially in defining and classifying steel-works problems 

10. Statistical Methods Applied to Mechanical Properties.” 

It is impossible, in the space available in this chapter, even 
to touch upon the fundamentals of statistical analysis This 
is not necessary, however, as these methods are clearly outlined 
in nearly all the works cited in the footnote on page 17. 
In brief, statistical analysis consists in arranging the data (for 
example, tensile-strength values) in numerical order and determin- 
ing the arithmetic mean and the standard deviation from this 
mean. (The standard deviation is the square root of the mean 
of the squares of the deviations of all of the observations.) When 
only a few observations are available, these are usually plotted 
in a dot diagram; when a larger number of results are at 
hand, these are divided into groups, usually 15 to 25 in all, and 
the number of observations falling in each group is counted up. 
This number is the frequency and is used m plotting the familiar 
bell-shaped frequency diagram. (See Fig. 4, page 44 ) 

In the usual frequency diagram movst of the values are clustered 
around the central value in the upper part of the bell, and the 
values which differ greatly from this central value are very 
much fewer in number. This distribution is so nearly universal 


* OV‘ cit , see footnote p 17 
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that it IS called the normal distribution. It has been found that 
the standard deviation from the arithmetic mean has the same 
significance for all normal distributions. Only one result 
in three will have a deviation greater than the standard, thus 
67 per cent of all the values will be within the upper part of the 
bell of the frequency diagram and will include the mean plus or 
minus the standard deviation. Deviations greater than twice 
the standard will occur in one out of each 23 values, and de\ lations 
greater than three times the standard will occur once m 370 
specimens. 

The frequency curve and the standard deviation can be used 
to disclose many important facts which would be overlooLed in the 
ordinary routine examination of a large number of test results and 
a simple average value of these results. A single example will 
illustrate this. Suppose that over a period of a week low- 
carbon sheet made by the regular practice had an average tensile 
strength of 50,000 lb. per sq in. and a standard deviation of 
1500 lb. per sq in , or 3 per cent. Suppose further that the sheet 
made the following week, apparently by the same practice, had an 
average tensile strength of 50,000 lb. per sq. in , but that in this 
material the standard deviation was 1800 lb. per sq. in., or 3.6 per 
cent. A cursory examination of the individual test results would 
probably show no more ^Treaks^' than in the previous week^s 
production, and the average tensile strength of all the specimens 
IS the same. The change in standard deviation has, however, 
indicated that somewhere between melting and testing the finished 
sheet the practice has actually changed. 

Chancellor summed up the question of the use of statistical 
methods in the steel plant by saying: 

The advantage in ufeing a statistical analysis lies in the more exact 
formulation of the conditions to be corrected, since detectable and non- 
detectable causes of variation are differentiated and efforts can be 
efficiently directed either toward better control of the old process or 
adoption of a more satisfactory one, as indicated by the results of such 
statistical analysis. 

The value of statistical methods in analyzing steel-works data 
has frequently been emphasized by Daeves;* some of Daeves^ 
actual data are quoted in Chapter IV. 

* Op cit f see footnote p 17. 
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VARIABLES AFFECTING THE PROPERTIES OF CAST 

STEELS 

Steel Cablings as Industrial Products — Testing Methods and Heat 
Treatment — Solidification^ Recrystallizationy and Shrinkage — Effect 
of Chemical Composition on Properties — Effect of Size of Casting and 
Location of Test Specimen on Mechanical Properties — Authors 
Sufnmary 

The steel-melting furnaces of the United States produce, in a 
normal year, between 40 and 50 million tons of molten metal all 
of which is teemed into molds and solidifies as cast steel. Between 
97 and 98 per cent of this production is cast into ingots, which 
are processed further into a large variety of hot- and cold-worked 
products. The remainder, varying usually from 800,000 to 
1,500,000 tons, is poured into sand or metal molds which are of 
the shape desired for the finished product When the casting 
has solidified, it is placed into use without any mechanical 
treatment. 

Although the properties of cast steel are generally considered to 
be inferior to the properties of a mechanically worked material of 
similar composition, the ratio of production of steel castings to 
hot- and cold-worked products has remained substantially con- 
stant for many years. There are two reasons for this. First and 
most important : steel may be cast into sections of such intricate 
shape that their production by rolling or forging is either impossi- 
ble or prohibitively expensive. Second: for the manufacture of a 
limited number of pieces of irregular cross-section, castings are 
cheaper than mechanically worked material of the same size and 
shape. It is only by a lar^e production of the same piece that 
the high cost of forging dies can be distributed so that forgings 
can compete in price with castings. 

Cast steel is of interest to the metallurgist, steel worker, 
and steel user for two equally important reasons: (1) it is a 
valuable industrial finished material and (2) it is the intermediate 
product for all wrought steels and, consequently, variations in its 
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structure and properties may be reflected in the structure and 
properties of the hot- or cold-worked sections made from it. 

Before reviewing the mechanical properties of cast carbon steel, 
it is advisable to consider in this chapter the method of taking 
test specimens and the heat treatment of castings, as well as the 
factors which may affect the quality of the castings and thus 
directly or indirectly affect the properties. 

To prevent ambiguity in the following discussion, the terms 
cast steel and steel casting are defined as follows: 

Cast steely a commercial iron-carbon alloy containing less than 
1.7 per cent carbon, melted, and poured into a mold of any mate- 
rial, size, or shape. Cast steel may be used commercially in the 
form in which it is cast or it may be worked hot or cold into an 
industrial product. 

Steel casting^ cast steel which has been poured into a mold of 
the shape desired for the finished product and is so used indus- 
trially without any mechanical treatment 

A. STEEL CASTINGS AS INDUSTRIAL PRODUCTS 

According to Hamilton, the production of steel castings 
in the United States began about 1867. In early production, 
dry-sand molds were used; green-sand molds were not developed 
until about 20 years later. The peak production of steel castings 
was 1,585,000 tons in 1929.* 

11. Manufacture and Use of Steel Castings. — The various 
steel-making processes were described briefly in Chapter I of the 
first volume of this monograph. In general, the same processes 
are used for melting steel for castings as for ingots, but the fur- 
naces, especially in the case of the open-hearth, are smaller. The 
production of castings distinguished by processes varies slightly 
from year to year but is distributed chiefly between the acid and 
basic open-hearth and the electric process, as the percentages for 
two typical years indicate (see tabulation on page 22). 

The bulk of the tonnage is produced in the open-hearth furnace, 
although the electric-arc furnace is becoming a more important 
factor. The increase in use of electric-arc furnaces, especially 
those with an acid lining, may be attributed to their flexibility, 
particularly in temperature control, and to some extent to the 
relative ease with which the furnace atmosphere can be varied. 

* Annual Statistical Report of American Iron and Steel Institute, 1931. 
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Percentage of 


total 

Process 

production 


1928 

1933 

Basic open-hearth 

31 4 

25 0 

Acid open-hearth 

37 6 

38 2 

Electric 

28 6 

35 8 

Bessemer 

2 3 

0 9 

Crucible 

0 1 

0 1 


One of their most important advantages is their small size whicl 
readily permits economical intermittent operation. This advan 
tage is especially marked during periods when demand for casting 
is relatively small. 

High-frequency induction furnaces, which have become impor 
tant in melting steel for high-grade alloy- and tool-steel ingots, an 
finding use in the production of high-alloy castings, especialh 
those of low carbon content. This has recently been described b: 
Middleton. 

Most of the electric furnaces used for melting steel for casting 
have an acid lining. The choice of a lining for open-hearth fur 
naces, especially those used for large castings, depends chiefl; 
upon the preference of the furnace owner, and upon the location o 
a plant with reference to sources of raw materials; an acid lining i 
ordinarily used when an adequate supply of high-grade low 
phosphorus scrap is available, and basic when the melting stoc] 
requires considerable refining. 

In the introduction to this chapter it was mentioned that stee 
castings can be used advantageously when their intricate shap 
makes the use of forged or rolled sections impossible or uneco 
nomical, or when there are so few pieces needed that the high uni 
cost of forging dies is prohibitive. In addition, there are som< 
industrial applications for carbon steel where bulk or weight i 
more important than strength, so that the lower mechanica 
properties of the cast material are compensated for by the greate 
cross-section. When these conditions prevail, castings are use< 
because they are cheaper. 

Castings are used in a great variety of industries and^in i 
wide range of weights and sizes, from a few ounces to 200 tons o 
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over, and from a few inches in the maximum dimension to engine 
beds 65 ft. or more in length. While the railroads have been the 
largest users of steel castings, at the present time sizable tonnages 
are also used for agricultural, excavating, and oil-well machinery, 
road-buildmg and steel-making machinery, electrical machinery, 
and machine tools. 

12. Necessity for the Heat Treatment of Steel Castings. — In 

Chapter VII of the first volume of this monograph it was stated: 
^^the Widmanstatten structure [coarse, angular structure found 
in castings] is associated with brittleness even in steel castings 
of low carbon content, and one of the primary reasons for the 
annealing or normalizing of steel castings is to eliminate this 
structure.’^ 

The date of the first use of heat treatment is uncertain. 
According to Hall,^^'’^^ the Taylor-Wharton Iron and Steel Com- 
pany marketed in 1909 the first heat-treated carbon-steel castings 
manufactured m America. Hamilton,* however, and Bull* 
stated that in 1898 a Chicago company was heat treating cast- 
steel car wheels 

When heat treatment was first used, the castings were simply 
annealed t or normalized, but this was soon followed by more 
complicated treatments, such as normalizing followed by anneal- 
ing, normalizing followed by tempering at a high temperature 
(usually just below the critical range), a double normalizing 
followed by tempering, and others. Quenching in a liquid 
medium has also come into extensive use, probably due to the 
increased introduction of alloy castings which require rapid 
cooling to develop their potential properties Lorenz^^^^^ stated 
that quenching of alloy-steel castings in water or oil is capable of 
developing tensile- and yield-strength characteristics at least 
50 per cent higher than those typical of the metal in the normalized 
condition, without appreciable loss in ductility. 

Lorenz also stated that in his experience with many thousands 
of tons of steel castings which had been given a water-quenching 
treatment the scrap was only a few hundredths of 1 per cent and 
“these cases could invariably be traced to prior causes. While 

* Private communication. 

t Throughout this volume the term **annear* is used to designate the 
operation of heating to above the critical temperature and cooling slowly. 
This treatment is the one designated in A.S.T.M. specification A 119-33 as 
^^full anneal.^* 
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it k well known that benefits from a liquid quench of alloy-steel 
castings are greater than in the case of carbon-steel castings, 
Lorenz reported that ^^liquid-quenched low-carbon steel castings 
are being produced in considerable tonnages at the present time 
(1932)/^ Mitchelb^^^^ also emphasized the importance of the 
water-quenching treatment for medium-carbon steel castings and 
presented the supporting data shown on page 65 and in Fig. 7, 
Chapter III. Gregg^®^"^^ reported interesting results obtained by 
water quenching locomotive-wheel centers; this is also discussed 
in the next chapter. 

The use of high temperatures in tempering normalized or 
quenched steel castings as a means of improving the ductility 
has been advocated by MaePherran and Harper, Harper and 
Stein,^^22^ Lorenz, ^268, 543 ) others MaePherran and Harper 
showed that by tempering as high as 700°C. (1290°F ) good ductil- 
ity could be obtained with specimens drilled from castings which 
weighed up to 100,000 lb. The improved ductility was attributed 
largely to spheroidization of the cementite. Similar conclusions 
were reached by Harper and Stein, Lorenz, and others. In some 
cases the castings have been heated to just above the lower critical 
point as a means of hastening the spheroidization of the cementite 

13. Specifications for Steel Castings. — Current specifications 
for carbon-steel castings have been issued by the American Society 
for Testing Materials, the Society of Automotive Engineers, 
the U. S. Government (Master Specifications), U. S. Army, U. S. 
Navy, and the American Railway Association. Most of these are 
collected in the 1933 volume oP specifications issued by the 
National Bureau of Standards. The American Society for 
Testing Materials, the U. S. Government Master, and the U. S. 
Army Specifications give the following minimum mechanical 
properties for the three common grades of castings: 


Grade 

Tensile 
strength, 
lb per 
sq in 

Yield 
strength, 
lb per 
sq in 

Elonga- 
tion in 

2 in , 
per cent 

Reduction 
of area, 
per cent 

Hard 

80,000 

36,000 

17 

25 

Medium 

70,000 

31,500 

20 

30 

Soft 

60,000 

27,000 

24 

35 
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The Society of Automotive Engineers specifies the same tensile 
strength and yield strength, but the elongation for the three 
grades is 15, 18, and 22 per cent, and the reduction of area, 20, 25, 
and 30 per cent. Some specifications have a minimum cold-bend 
value of 90 deg. for the medium and 120 deg. for the soft grade. 
Some specifications give minimum mechanical properties for 
special castings, in addition to those for the three common grades, 
although it is the general practice to leave these unspecified. 

Most specifications give the maximum permissible content of 
sulphur and phosphorus as 0.06 and 0.05 per cent respectively. 
For acid steel a higher maximum phosphorus content, 0.06 or 
0.07 per cent, is necessary. The maximum manganese, when 
specified at all, is 0.80 or 0 85 per cent with 0.50 per cent minimum 
specified in one case. Only two specifications give silicon con- 
tents; these are 0 20 per cent minimum in one and 0.40 per cent 
minimum in the other. 

As minimum mechanical-property values are given in most of 
the specifications, the carbon content is usually not included. 
The customary percentage ranges from 0 50 per cent for hard 
castings to 0 15 per cent for soft castings. Formerly, manganese 
and silicon as well as carbon percentages were not given. The 
inclusion of these two elements m some recent specifications was 
commended by Bulb^"^^^ as a means of making the production of 
sound castings more easily possible All authorities however are 
not in agreement on this point For example Merten con- 
cluded that silicon should not exceed 0.20 per cent in large 
castings. Bull maintained that carbon, manganese, and silicon 
must be considered collectively, and that foundry men should be 
free to adjust these elements to meet the physical requirements 
specified by the purchaser. 

B. TESTING METHODS AND HEAT TREATMENT 

The method of casting the test specimen is a subject which has 
received much attention ,and some experimental study. This 
problem does not appear to be serious in the case of the smaller 
castings but becomes of increased importance in larger castings. 
Foundrymen, metallurgists, and testing engineers are agreed that 
small specimens attached to large castings or separate blocks 
are not representative of the large castings in either structure or 
properties as cast and cannot be made so by the same heat treat- 
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ment. The problems of gating and feeding the test specimen 
when attached to the casting must be given consideration, so as 
to produce a sound test specimen and at the same time avoid 
inducing unsoundness in the casting to which it is attached. 
Since longer holding times at the heat-treating temperatures 
are required as the size of the casting increases, and higher 
temperatures are also generally employed, it is evident that either 
the specimen might be overheated or the large casting might be 
underheated when they are given the same heat treatment. 
The method of casting the test specimens was discussed at length 
by Rosenhain^^®^^ and others without reaching complete 
agreement. 

14. Test Specimens and Method of Testing. — The test speci- 
mens are generally required to be attached to the casting or a 
block representative of the casting and are not to be removed until 
the heat treatment is completed. In small and therefore inex- 
pensive castings test specimens may be cut from the casting when 
this is satisfactory to the manufacturer. The tensile-test speci- 
men is 0.505 in. in diameter and has a 2-in. straight gage length 
with 3^-in. radius at the shoulder The bend-test specimen is 
6 in. long and has a cross-section of 1 X 0.5 in with the corners 
rounded to a radius of not over in.; it is required to bend 
around a pin 1 in, in diameter by the amounts specified without 
fracturing the surface in tension 

The yield strength is usually determined by the drop of the 
beam of the testing machine. The maximum speeds of the cross- 
head of the testing machine are usually specified, the common 
values in inches per minute for the yield strength and the tensile 
strength being and 1.5 respectively. 

16. Variable Methods of Taking Specimens. — In an effort to 
solve the problem of the difference in structure and properties 
of large castings and of the small test coupons attached, 
Merten^^®^ and Harper and Stein^i^^^ resorted to the use of core 
drills to take test specimens from the heavy sections of castings 
or from comparable sections of test blocks as a means of determin- 
ing the properties of the metal in such castings. Obviously, all 
large castings cannot be cored for test specimens, and the problem 
then resolves itself into two possible procedures: (1) to cast test 
blocks with sections comparable to the heaviest section of the 
casting, and examine specimens from different parts in such a way 
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that an estimation of the properties of the casting can be made; 
(2) to cast a standard-size test block with the specimens attached, 
and from the properties found in these specimens and proper 
size factors estimate the mechanical properties of the casting. 
The latter method requires adequate knowledge of the effect 
of size and of the necessary heat treatments to produce certain 
probable properties in large castings. In each procedure as 
much consideration must be given to design, gates, risers, etc., 
of the test block as is required for sound castings. 

Some interesting experiments by Heinrich on specimens cut 
from axle housings and on separately cast test castings are dis- 
cussed on pages 43 and 44, where other data on the relation of 
size of section to the properties and to the required heat treat- 
ments are given 

16. Heat Treatment. — Some of the standard specifications for 
steel castings require that the castings be heat treated, others 
do not The following heat treatments are recognized by the 
American Society for Testing Materials:* (a) annealing, (6) 
normalizing, (c) normalizing followed by reheating, and (d) 
quenching followed by reheating The American Society for 
Metals t included another heat treatment, double normalizing 
and annealing, in which the castings are first normalized at 
relatively high temperatures, 870 to 1095°C. (1600 to 2000®F.), 
lor the purpose of homogenizing the structure, after which they 


Table I — Recommended Annealing and Normalizing Temperatures 
FOR Carbon-steel Castings 


AST M * 

AS M t 

Carbon, 

Temperature 

Carbon, 

Temperature 

per cent 

°C 

°F 

per cent 

°C 

°F 

Up to 0 40 

900 

1650 

0 15 to 0 40 

870 to 930 

1600 to 1700 

0 40 to 0 60 

850 

1560 

0 40 to 0 60 

845 to 870 

1550 to 1600 

Over 0 60 

830 

1525 





* Standards, 1930, part 1, p 417. 
t ‘^Metals Handbook, 1936, pp. 736-737 
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are annealed at only slightly above the critical temperature to 
refine the grain. 

Recommended temperatures for single annealing or normaliz- 
ing castings of different carbon contents are given in Table 1. 

It is generally recommended that castings be held (soaked) 
at the above temperatures 60 min. for each inch in maximum 
section to provide for thorough heating and completion of the 
desired structural changes. Only two specifications (A.S.T.M. 
A27-24 and A95-29) definitely prohibit quenching the castings in 
a liquid medium. 

17. Radiographic Examination. — While none of the specifica- 
tions for steel castings includes radiographic examination, it is 
well known that castings for special types of service are being 
purchased subject to satisfactory results from radiographic 
tests of each individual casting or of a certain number of repre- 
sentative castings from a lot. Both X-rays and gamma rays are 
being used. Radiographic testing has served as a means of 
inspection for acceptance and as a research tool m developing 
sound castings. The applications of radiographic methods 
have been discussed by numerous authors; e.g , Lester, 
Pullin,^^’'*®^’^’®^^ St John,^^^®^ Briggs and Gezehus,^^^^’®®^^ and 
Mehl.(^"®> 

Isenburger^®®^^ stated that when the same thicknesses of cast 
steel and wrought steel are X-rayed, an exposure that is correct 
for wrought steel will be too long for cast steel and ascribed this to 
a difference in density. He found this particularly evident when 
the material is over 2 in thick. 

C. SOLIDIFICATION, RECRYSTALLIZATION, AND SHRINKAGE OF 
STEEL CASTINGS 

Because of their importance in steel castings, some of the 
phenomena observed in the solidification, cooling, and heating of 
iron-carbon alloys require special consideration. The hot work- 
ing to which wrought alloys are subjected eliminates, or at least 
tends to eliminate, the cast structure in such products and at the 
same time helps to modify the secondary structures. As a result, 
the wrought steels are usually more responsive to the various 
heat-treating operations. 

18. Solidification. — The solidification of iron-carbon alloys 
has been discussed in Volume I, Chapters II and XI, of this 
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monograph: — In steel castings containing less than about 0.30 per 
cent carbon the first product to solidify is delta iron, which reacts 
peritectically with the liquid phase at about 1490°C. (2715°F ) 
For the lower carbon alloys (up to about 0.20 per cent carbon), 
this reaction results in the completion of the solidification. 
In the higher carbon alloys, the delta phase disappears and leaves 
gamiiia iron in equilibrium with the molten metal. The influence 
of the pentectic reaction on the properties of steel castings is not 
known. It is known, however, that in the solidification of steel 
castings characteristic structures are produced which are referred 
to as casting structure, ingotism, and the like.* 

Solidification begins at the mold surface and progresses inward; 
thus crystals form at the surface of the casting and grow inward. 
The size of these crystals increases with the size of the casting 
and with decreased rates of cooling. The first crystals to form 
are relatively pure iron, and the last material to solidify is richer 
in carbon and impurities. In castings, the growing crystals may 
take the form of columnar crystals or dendrites, leaving the 
surrounding or filling-in material high in impurities. Evidently, 
this produces a segregated structure which usually affects the 
properties of the steel castings when they are tested in the cast 
condition and is shown by relatively low ductility One of the 
important functions of heat treating steel castings is to homog- 
enize this segregated structure. Since the size of the crystals 
increases with increase in the solidification interval and, therefore, 
with increased size of castings, it follows that longer periods of 
time must be provided in heat treating large castings than is 
necessary for small castings. High heat-treating temperatures 
also aid in diffusion and, therefore, speed up the homogenizing 
process. The above consideration helps to explain why it is 
necessary to use longer soaking times or both longer times and 
higher temperatures in normalizing or annealing steel castings 
than in the case of wrought steel of the same analysis. Homoge- 
nization is especially important in castings of heavy sections. 
While light castings and small test specimens such as 1.26 to 
1.5 in. sq. bars may have a comparatively fine grain as cast and 
respond readily to grain-refining heat treatments, it is quite 
another problem with heavy castings which may require first a 

* These structures and their causes have been discussed m considerable 
detail m Volume I, Chapters VIII and XI, of this monograph. 
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homogenizing treatment to overcome segregation and a further 
treatment at a lower temperature for grain refinement. 

19. Distribution of Inclusions.* — Not only is the above type 
of segregation important in determining the properties of steel 
castings, but the rejection of solid non-metallic inclusions to 
the grain boundaries or the spaces between the dendrites may also 
be highly important. If such inclusions are uniformly distributed 
and in rounded masses, they may be comparatively harmless, but 
if they occur as films on the grains or as more-or-less continuous 
stringers around the grains, they may materially reduce the 
ductility and in some cases make it impossible to overcome their 
harmful effects by any heat treatment The form and distribu- 
tion of these defects and of gas cavities seem to be particularly 
important in determining the ductility of steel castings as cast 
and their response to heat treatment. These relations were 
studied by Sims and Lillieqvist,^^^^^ Harper and Stein, McCrae 
and Dowdell, Lorenz, and others 

20. Shrinkage Cavities. — The solidification of steel results in a 
decrease in volume — about 5.5 per cent according to experiments 
by Benedicks, Berlin, and Phragmen^^^^^ and calculations by 
Honda and Endo^^^^^ — and since the casting solidifies from the 
outside inward it is evident that molten metal must be fed to the 
casting to compensate for this shrinkage, or there will be porosity 
at the center of the casting. The foundryman recognizes these 
conditions and intends to provide an adequate supply of mol- 
ten metal by using suitable heads of metal in risers attached to 
the sections which will be last to solidify. Briggs and Gezelius^®®^^ 
attributed ^^internal hot tears^^ to solidification shrinkage. 
Shrinkage, cavities, and porosity cannot be corrected by heat 
treatment. It is important that castings be sound after solidifica- 
tion is complete, and that they do not contain excessive amounts 
of inclusions distributed so as to affect seriously the ductility of 
the casting or of such character and distribution that their 
embrittling effects cannot be removed by suitable heat treatments. 

21. Gas Evolution. — Gas evolution at some stage in the solidi- 
fication of steel castings may also be a source of trouble. While 
steel for castings is intended to be thoroughly killed before pouring, 
there is evidence to support the belief that certain gases are more 
soluble in the molten than in the solid metal and that they are 

* See Volume I, Chapter XI, for a detailed discussion of inclusions. 
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liberated during solidification. Hydrogen and carbon monoxide 
or gases formed by their reaction with oxides in the metal are the 
most likely offenders. Entrapped air may also produce porosity. 
The evolution of gas, even in small amounts, during the solidi- 
fication of a casting must result in entrapping some of the gas, 
thus producing voids in the final castings. Sims^^^^^ has recently 
discussed the causes of the porosity which are ascribable to the 
metal itself. Gas evolved from the action of the hot metal on the 
mold causes surface defects such as pm holes. Pin-hole trouble is 
more common in green-sand than in dry-sapd molds. 

22. Recrystallization and Grain Refinement. — The recrystalli- 
zation of steel castings takes place as they are cooled through the 
critical range, as has been outlined in its general aspects in 
Volume L* At the upper critical temperature (Ar^) the separa- 
tion of the ferrite begins, and if the cooling is sufficiently slow, the 
ferrite forms at the boundaries of the original austenite grains, 
forming a continuous network, while pearlite forms within the 
austenite grains when the lower critical temperature is reached. 
This relation applies to the cooling of the casting m the mold or to 
any subsequent cooling from above the upper critical tempera- 
ture. The size of the network structure depends upon the site 
of the original austenite grains from which it forms. This type of 
structure is characteristic of castings which have been annealed 
and cooled in the furnace 

If the cooling rate through the critical range is sufficiently 
rapid, the ferrite separates along crystallographic planes in the 
austenite gram and gives rise to what is known as the Widman- 
statten structure t Material showing this structure may have 
higher tensile and yield strengths but is likely to be lower in ductil- 
ity. It is generally found in the original casting and m castings 
which have been normalized, although with light castings and 
especially with those of higher carbon percentages normalizing 
may prevent extensive separation of the proeutectoid ferrite and 
may produce a fine pearlitic structure. When high ductility is 
required, it is customary to reheat these castings to just below 
or even into the critical range, which spheroidizes the cementite 

* See Chapter II, section 27; Chapter IX, section 111; Chapter XII, 
section 152. 

t Described in detail in Volume I, Chapter VIII, section 107, of this 
monograph 
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and greatly increases both the static and impac^t ductilities. The 
advantages of such reheating treatments have been emphasized 
by MaePherran and Harper/^ 29 ) Harper and Stein/^ 22 ) Merten/^^^^ 
Mitchell/^®^^ Lorenz/2®®^ others. 

Repeated heating and cooling of castings through the critical 
range tends to further refinement of the grain, and as is pointed 
out in section 11 of this chapter, double and triple heat treat- 
ments are employed in order to meet special requirements. 

When the maximum grain refinement and optimum mechanical 
properties of steel castings are sought, a water or oil quench from 
above the upper critical temperature should be employed when 
the design and character of the casting permit such a treatment 
without danger of cracking or undue stressing The use of a 
liquid quench for castings of medium carbon is especially bene- 
ficial, because these castings show marked improvement in 
properties and are less likely to be damaged than the higher 
carbon castings. Some investigators maintain that all castings 
which are to be subjected to a liquid quench should first be thor- 
oughly annealed; other authorities are not in agreement with this. 
The use of hot water and the removal of the castings from the 
quenching bath while still hot are sometimes recommended when 
there is danger of cracking. Most castings subjected to a liquid 
quench should be tempered, the tempering temperature depend- 
ing upon the requirements with reference to strength and ductility. 
For maximum ductility the tempering should be just below the 
critical range 

Hatfield^^^®^ showed', for two cast carbon steels, the variation 
in properties, especially in ductility, which may be produced by 
variations in heat treatment. His data are given on pages 55, 
56, 63, and 64. 

23. Shrinkage of Steel Castings. — There are three kinds of 
shrinkage involved in the production of steel castings : (1) decrease 
in the volume of the molten metal before solidification begins, 
(2) decrease in volume during solidification, and (3) the net 
contraction of the solidified casting as it cools to room 
temperature. 

The first and second should be provided for in good foundry 
practice by keeping the mold full of molten metal and by feeding 
molten metal to the last sections to solidify until solidification 
is completed. The contraction of the casting during cooling is 
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unavoidable and must be provided for in the pattern. Since steel 
solidifies at a much higher temperature than cast iron — 1530 to 
1480°C. (2785 to 2695°F.) as compared with 1300 to 1150®C. 
(2370 to 2100°F.) — and since there is no graphite formation, 
it follows that steel castings will show greater shrinkage. It is 
common foundry practice to provide for a pattern shrinkage of 
34 in. per ft. for steel castings as contrasted with 3^^ to ^2 in* per 
ft for cast irons 

A comprehensive study of the shrinkage of steel castings has 
been reported by Korber and Schitzkowski/^es) determined 
the shrinkage of specimens 450 mm (17 7 in ) m length and 20, 30, 
40, and 50 mm. (0 79, 1.18, 1.57, and 1 97 m.) m diameter. The 
method used m determining the shrinkage was that previously 
described by Wust and Schitzkowski^^®^ and provided for auto- 
matic recording of the shrinkage curve, the temperature of the 
specimens was determined by placing a platmum-platinum- 
rhodium thermocouple m the gate just above the specimen 

The compositions of the steels investigated were reported as 
follows: 


Composition ranges, per cent 



0 

Mn 

Si 

P 

S 

Acid open-hearth 

0 28 to 

0 50 

0 26 to 

0 69 

0 22 to 

0 60 

0 063 to 

0 106 

0 036 to 
0 085 

Basic open-hearth 

0 15 to 

0 39 

0 49 to 

0 80 

0 32 to 

0 47 

0 014 to 

0 047 

0 021 to 
0 045 


Three series of tests were made on the acid steels and two on 
the basic, as follows: 

Senes 1. Shrinkage determinations on straight round bars of 
acid steel, cast in green-sand molds. 

Senes 2. Tests on bars with end plates or flanges about 
100 mm. (3.94 in ) greater in diameter than the bars. The A, 
B, Cy and D specimens were cast in green-sand molds, which 
offered little resistance to contraction, while the A', jB', C', and Z)' 
specimens were ca^st in a special dry mold, which offered high 
resistance to contraction of the specimens. Both acid and basic 
steels were used. 
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Pig. 1. — Method of hmiting shrinkage in cast-steel bars. {Korher and 

SchUzkowaki 



90 80 70 60 50 40 30 20 10 0 


Timc.min 

Fig. 2. — Shrmkage-versus-time curves for cast-steel bars 460 mm. (17.7 in.) 
ong (senes 1) with the following diameters. A — 20 mm. (0.79 in ), B — 30 mm 
[1.18 in), C— 40 mm. (167 in), and D — 60 mm. (197 m.). {Kdrber and 
SchitzkowakiM*^^) 
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Senes 3. A round bar with end flanges was cast with the 
dimensions shown in Fig. 1. Four round rods were placed 
between the flanges with a clearance which would permit a 
definite contraction. This contraction, n, was 2, 4, 6, 8, 10, and 
12 mm (0.078, 0.156, 0.234, 0.315, 0.394, and 0.472 in.). 
The rods were placed so that one-half of the contraction, n/2, 
occurred at each flange. Both acid and basic steels were used. 

The results of the tests of series 1 are given in Table 2 and 
shown in Fig 2. It is evident that the smaller bars contract 
much more rapidly, but all show the same final contraction. 
The more rapid contraction of the smaller sections has an impor- 
tant bearing on hot-shrinkage cracks in castings of irregular sec- 
tion. The contraction above and below the lower critical 
temperature was about equal. 


Table 2 — Shrinkage of Round-bar Castings of Acid Open-hearth 
Steel Series 1 * 


Diameter ^ 

Shrinkage, per cent 

Casting temperature 

mm 


Total 

To Avi 

Below Avi 

1 OQ 

op 

20 

0 79 

2 20 

1 19 

1 01 

1480 

• 2695 

30 

1 18 

2 18 

1 21 

0 97 

1460 

2660 

40 

1 57 

2 13 

1 06 

1 07 

1450 

2640 

50 

1 97 

2 16 

1 20 

0 96 

1490 

2715 


* Korber and Sohitzkowski Gea) 


The results of the tests of series 2 are given in Table 3. It 
is significant that, when the cast bar is not free to contract during 
cooling, cracks form, and in all these cases fractures result. 
Even when about 80 per cent of the normal contraction took 
place, one specimen fractured. These data also have an impor- 
tant bearing on the danger of cracking small or light sections 
between larger ones. The danger of cracking the casting when 
the mold offers high resistance to shrinkage of the casting is also 
evident. 

The results of tests of series 3 are not reported in detail here, 
but they showed that, unless considerable contraction was 
provided for, the castings fractured; the minimum percentage of 
shrinkage which did not cause fractures was 1.75 for the acid steel 
and 1.54 for the basic steel. 
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Over the range of casting temperatures of 1450 to 1510°C. 
(2640 to 2750°F.), there was only slight variation in the shrinkage 
of the casting, but the tendency was for the shrinkage to increase 
as the casting temperatures increased. No difference between the 
shrinkage of the acid and the basic steels was noted. A shrinkage 


Table 3 — Shrinkage op Cast Bars with Flanged Ends Series 2* 


Diameter 

Speci- 
men t 

Shrinkage, 
per cent 

Casting tempera- 
ture 

Condition of 
casting 

mm 

m 

°C 


Acid open-hearth steel 

20 

0 79 

A 

2 03 

1470 

2680 

Not broken 



A' 

0 34 

1460 

2660 

Broken 

30 

1 18 

B 

2 13 

1500 

2730 

Not broken 



B' 

0 61 

1470 

2680 

Broken 

40 

1 57 

C 

2 07 

1480 

2695 

Not broken 



C' 

0 89 

1460 

2660 

Broken 

50 

1 97 

D 

2 19 

1470 

2680 

Not broken 



D' 

1 78 

i 

1490 

2715 

Broken 

Basic open-hearth steel 

20 

0 79 

A 

1 99 

1480 

2695 

Not broken 

1 


A' 

0 55 , 

1450 

2640 

Broken 

30 

1 18 

B 

2 10 

1460 

2660 

Not broken 



B' 

0 43 

1440 

2625 

Broken 

40 

1 57 

C 

2 10 

1500 

2730 

Not broken 



C' 

0 50 

1500 

2730 

Broken 

60 

1 97 

D 

2 08 

1480 

2695 

Not broken 



D' 

0 91 

1485 

2705 

Broken 

100 

3 94 

E 

2 20 

1510 

2750 

Not broken 


♦ K6rber and Schitskowski 

t Specimens A, B, C, D, cast in green-sand molds Specimens A\ B', C', D\ cast in 
special dry molds 
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of in. per ft. corresponds to 2.08 per cent, which is in good 
agreement with the average values reported in these tests. 

The effect of chemical composition on the shrinkage of steel 
castings has been summarized by Korber and Schitzkowski^^es) 
as follows: 

0 1 per cent carbon decreases shrinkage 0 03 per cent 

0 1 per cent manganese increases shrinkage 0 006 per cent 

0 1 per cent silicon inci eases shrinkage 0 011 per cent 

0 1 per cent phosphorus decreases shrinkage 0 031 per cent 

0 1 per cent sulphur decreases shrinkage 0 034 per cent 

The above data were considered to apply up to the maximum 
values of carbon 0 5, manganese 1.0, silicon 0 8, phosphorus 0 1, 
and sulphur 0 1 per cent, and it is obvious that for the variations 
m the compositions found in steel castings the chemical composi- 
tion has only a minor effect on the shrinkage. While the chemical 
composition may have some influence on the propensity of the 
castings to show shrinkage cracks, it appears that the design and 
the molding practice may be of greater importance. 

Briggs and Gezelius^^®'^^ studied the solid shrinkage of steel 
castings and concluded that ^‘external hot tears are due to the 
stresses introduced during the early stages of the solid shrinkage 
and that such cracks occur at temperatures above about 705°C 
(1300°F.) 

The First Report of the Steel Castings Research Committee^ 
devoted much space to the importance of shrinkage in various 
forms, particularly with reference to the effect of design. It 
stated: ^^In the present state of development of the steel castings 
industry it is therefore not too much to say that the next essential 
step in progress is in the design of castings. 

The importance of design and its relation to shrinkage and the 
production of sound castings were emphasized by Briggs and 
Gezelius,^^^'*^ Heuvers,^^®^^ Lorenz,^^^^^ and Bull.^^^'*^ 

D. EFFECT OF CHEMICAL COMPOSITION ON PROPERTIES 

The chemical composition of the steel determines the potential 
properties of the casting. There are so many other contributing 
factors, however, that it is not possible to predict the mechapical 
properties of castings in either the cast or the heat-treated condi- 
tion. The factors other than chemical composition which influ- 
ence the mechanical properties of steel castings may be grouped 
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under the general heading of foundry practice, which includes 
character of the material charged into the furnace, melting and 
refining practice — deoxidation, recarbunzation, pouring tempera- 
ture, special addition agents — kind of molds, gating, risers, and 



0.1 02 0.3 0.4 0.5 

Carbon, per cent 

Fig 3 — Effect of carbon content on tensile and yield strengths of annealed cast 
and wrought steels. {Ddhart 

finally the size and design of the casting or test coupon. There 
are some differences due to the melting process, but frequently 
othqr factors are more important. 

24. Carbon. — If other conditions are equivalent, the tensile 
and yield strengths, proportional limit, and hardness of cast steels 
increase as the carbon content increases. This increase is almost 
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directly proportional to the carbon content, but the relation is 
not exactly linear so that it cannot be represented accurately 
by a simple equation. The effectiveness of heat treatment in 
increasing strength also depends upon the carbon content; for 
example, the increased strength resulting from hardening and 
tempering a 0.50 per cent carbon steel is much greater than the 
increase in strength of a 0.25 per cent carbon steel similarly 
treated 

Delbart^®®^^ compared the tensile and yield strengths of wrought 
and cast steels as a function of the carbon content (up to 0.50 per 
cent carbon); his curves are reproduced m Fig 3. The castings 
were cast m 40-mm (1.57-in ) blocks m dry-sand molds. The 
other elements m the cast steels were of nominal amounts (0 25 
to 0 35 per cent silicon, 0 60 to 0 80 per cent manganese, and 
0 050 per cent phosphorus and sulphur). Both wrought and cast 
specimens were slowly cooled in the furnace from the annealing 
temperature Further information regarding the effect of the 
c.arbon content on the mechanical properties of steel castings 
may be had by comparing the properties reported m Tables 9, 
11, 14, 16, 20, and 23 of Chapter III. 

Unsoundness is generally more prevalent in the low-carbon 
castings (not over 0 21 pet cent carbon; see page 52) if together 
with the low carbon there are also low manganese and silicon. 
Increasing the carbon content in steel castings generally ri:[gults 
also in decreasing the ductility as indicated by lower elongation, 
reduction of area, and impact resistance. These effects are more 
pronounced in the higher carbon (above 0.35 per cent) castings m 
the cast or normalized condition. Proper heat treatment, espe- 
cially reheating slightly below the lower critical point, aids 
materially in improving the ductility of these higher carbon steel 
castings. 

26. Manganese. — Manganese is recognized as an element 
which contributes to soundness of castings, and at least a nominal 
manganese content (0.30 to 0.50 per cent) is generally considered 
necessary, although it has been shown by Becket^^^^^ that sound 
steel can be produced without manganese by the use of some 
substitute such as zirconium. As stated on page 25, the man- 
ganese content of castings is frequently not specified, but in 
some cases a maximum of 0.80 to 0.85 per cent is indicated, 
while in one instance (A.S.T.M. Specification A95-29) a minimupo 
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of 0.60 per cent is given. expressed a preference for 

minimum rather than maximum values for manganese, contend- 
ing that at least certain amounts are desirable for safeguarding the 
soundness of the castings. In larger amounts, manganese may 
be considered as an alloying element, as in the case of steels 
containing from 1 to 1.5 per cent manganese. Even when the 
manganese is increased only to the higher amounts found in 
carbon-steel castings it increases the strength. It is good prac- 
tice to consider the sum of the manganese and carbon and to 
avoid running high on both in a given heat of steel. Manganese 
is further beneficial in counteracting certain harmful effects of 
sulphur. 

26. Silicon. — Silicon, like manganese, contributes to the 
soundness of castings, being considered a more active deoxidizing 
agent. Specifications usually permit the foundryman to vary 
the silicon content, but maximum (0 40 per cent) or minimum 
(0 20 per cent) contents are specified in a few instances. Silicon, 
when enough is present, may increase the strength of the casting 
Merten,^273) a paper on large castings, reported that the best 
properties were obtained when the final silicon was below 0 20 per 
cent, but Bull, in discussing this report, maintained that good 
castings were obtained with higher silicon contents and quoted 
White,^^^^^ who had formerly recommended that the silicon in 
steel castings should never be less than 0.20 per cent. Thus 
the function of silicon in steel castings seems to be understood, 
but the optimum amount seems to be debatable, probably 
depending upon other conditions, such as the amounts of carbon 
and manganese present and possibly upon the size of the 
casting. 

27. Phosphorus. — The amount of phosphorus permitted in 
steel castings is somewhat higher than in the corresponding 
wrought material and ranges from 0.050 to 0.080 per cent. Low 
phosphorus is generally recommended as a means of safeguarding 
against cold-shortness in steel castings. Langenberg,^^^*^^^ as a 
result of tests on normalized and tempered and on quenched and 
tempered specimens, concluded that increasing the phosphorus 
affected the impact resistance more than tensile properties and 
that there was a pronounced drop in the impact resistance 
between 0.060 and 0.070 per cent phosphorus. Bulb^^^^ favors 
holding the phosphorus to 0 050 per cent maximum, until it is 
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established that higher amounts can be used with safety.* In 
basic-furnace practice there should be no difficulty in keeping 
the phosphorus below this limit. Fenstermacher^^'*®^ reported 
on the analyses of 59 heats of open-hearth carbon-steel castings 
produced during a single month, in which the phosphorus ranged 
from 0.048 to 0 012 per cent with an average of 0.022 per cent. 
In acid-furnace practice more care must be exercised in the 
selection of the melting stock in order to keep the phosphorus 
within specification limits, which are sometimes slightly higher 
than for basic steel. 

Phosphorus tends to raise tensile and yield strengths with 
corresponding reduction in elongation and reduction of area. 

28. Sulphur. — The specification maxima for sulphur range 
from 0,050 to 0.080 per cent. The object in keeping down the 
sulphur content of steel castings is to safeguard against red- 
shortness and segregation. Since the Joint Committee on Inves- 
tigation of the Effect of Phosphorus and Sulphur in Steeh^®^ 
reported that it could find no relationship between serviceability 
and a sulphur content in the steel as high as 0 09 per cent, some 
question may be raised regarding the necessity for some of the 
present requirements, and Bull expressed the opinion that soon 
the maximum will be set at 0.06 per cent m such accredited speci- 
fications as now set the maximum limit at less than 0 06 per cent. 

Both phosphorus and sulphur must be broadly regarded as 
objectionable impurities m steels, but their limits should be 
established on an economic basis of the cost of materials and the 
required properties. 

29. Other Elements. — Other elements which may be present 
in carbon-steel castings within the limits set for this monograph 
may be considered to have negligible effects on the mechanical 
properties. A possible exception must be made in the case of 

* Gillett/^^®^ in a comprehensive summary on phosphorus as an alloymg 
element in steel, concluded that (m wrought steels) “the exact mechanism 
of phosphorus embrittlement remains obscure, and one cannot yet predict 
the phosphorus limit m an alloy steel within which it is satisfactorily tough 
and beyond which it is impact-brittle without actual trial ... At some 
high-phosphorus content, varying according to the carbon and alloy com- 
position . . room-temperature impact resistance will drop, and this is 

still more marked at subnormal temperatures. This occurs at phosphorus 
contents below those at which static ductility or formabihty are seriously 
affected.^' 
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aluminum, not because of the presence of metallic aluminum 
but because of the effects of its reaction products. The effect 
of aluminum additions on the mechanical properties of steel 
castings has been studied by many metallurgists and foundrymen. 

Lorenz, in discussion of McCrae and DowdelFs paper, 
reported, as a result of 60 tests on specimens of open-hearth 
steel from five heats containing from 0 25 to 0.35 per cent 
carbon and from 0.77 to 1.50 per cent manganese, that the addi- 
tion of 1 oz. of aluminum per ton lowered the ductility but had 
little effect on the strength. All samples were heat treated 
at 900°C. (1650°F ), one group being furnace cooled, another air 
cooled, and the third water quenched and then tempered at 
650°C. (1200°F ). The elongation, reduction of area, and 
Charpy values were 22.95, 31.4, and 13.30 respectively for those 
with the aluminum addition and 27.45, 47.3, and 20.45 for those 
without the aluminum. 

On the other hand, McCrae and Dowdelb^®^’^®^^ after numerous 
experiments with acid electric steel concluded that aluminum was 
equal or superior to the other deoxidizers tested in producing 
sound castings and that if the carbon, manganese, and silicon 
were held within certain limits (0.10 to 0.17 per cent carbon, 
0.60 to 0.70 per cent manganese, and 0.30 to 0 40 per cent 
silicon), about 1 lb. of aluminum per ton of steel could be added 
to the ladle shortly before pouring without lowering the ductility 
of normalized castings below the usual specified limits. Hamil- 
ton, in discussing a paper by McCrae and Dowdell, described 
an acid electric-furnace practice by which sound castings were 
obtained with the addition of 10 oz. of aluminum per ton of steel. 
He reported typical analysis and properties after normalizing 
at 900°C. (1650®F.) as follows: Analysis — 0.23 per cent carbon, 
0.69 per cent manganese, 0.40 per cent silicon, 0 029 per cent 
phosphorus, 0.034 per cent sulphur. Properties — tensile strength 
74,800 lb. per sq. in., yield strength 43,200 lb. per sq. in , elonga- 
tion, in 2 in., 29.0 per cent, and reduction of area 50 per 
cent. 

Sims and Lillieqvist^^^^^ emphasized the importance of main- 
taining the proper relation between the oxides to be reduced and 
the amount of aluminum or other strong deoxidizer added, in 
order to avoid the formation of oxidation products or sulphides 
in a eutectic pattern. 
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Apparently still further work is needed on the subject of 
deoxidation, sound castings, and low ductility in castings. 

E. EFFECT OF SIZE OF CASTING AND LOCATION OF TEST SPECI- 
MEN ON MECHANICAL PROPERTIES 

It is generally conceded that better mechanical properties can 
be obtained in castings of small section than m large ones and 
that in the latter the core of the casting will be inferior in proper- 
ties to the material nearer the surface. Moreover, as has 
been stated on a previous page, it is more difficult to heat treat 
larger castings so that optimum properties will be obtained. 
These factors have been studied by Heinrich, Merten, Lorenz, 
and by Harper and associates. 

30. Heinrich’s Investigation. — Heinrich^®^®^ used a converter 
steel of the following composition: 0 08 to 0.11 per cent carbon, 
0.45 to 0.60 per cent manganese, 0.20 to 0 30 per cent silicon, 
0.05 to 0.07 per cent sulphur, and 0 06 to 0 08 per cent phos- 
phorus. He had previously found that specimens cut from axle 
housings frequently had strength properties which were lower 
than those specified. Because of the shape of the housing the 
specimen had to be cut so that the parting line of the mold 
practically bisected the specimen. Heinrich was, therefore, 
interested in two variables: first, the properties of specimens 
cut from the casting as compared with specimens cast separately, 
and second, the effect of slightly shifting the parting line on the 
mechanical properties. The latter part of the investigation, 
for which a basic electric steel was used, is not of interest here 
except for the fact that the location and the shifting of the 
parting line do deleteriously affect the properties. 

In investigating the properties of specimens cut from the cast- 
ing and of specimens separately cast, Heinrich first summarized 
the tensile strength and elongation of 1108 specimens cut from 
axle housings as cast in regular production over a two-year period. 
Statistical curves for these are shown at the top of Fig. 4. He 
next summarized the properties of 100 specimens cut from 
selected axle housings which were apparently satisfactory, and 
of 100 specimens from separately cast blocks. The statistical 
curves for these are shown at the center and bottom of Fig. 4. 

The axle housings and the separately cast blocks were left in 
the- sand 5 to 7 hr. and were then annealed at 930°C. (1705®F.). 
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The annealing time was 1.5 hr. for the housings (which had a 
relatively thin wall) and 2 hr. for the blocks. The housings 
and the blocks were cooled in air to 700®C. (1290°F.), returned 
to the annealing furnace, and cooled in the furnace to 100°C. 
(210°F.) in 6 hr. Specimens were 10 mm (0.39 in.) in diameter 
and of 100 mm. (3.94 in.) test length. 

Heinrich concluded that (as is evident from Fig. 4) casting 
variables affect the structure and properties of specimens cut 


Tensile strength, thousand Ibpersq in 
54 56 58 60 62 64 66 68 70 



Fig 4 — Tensile strength and elongation of specimens cut from annealed axle- 
housmg castings and of annealed separately cast specimens {Heinrich 


from castings so much that it is only by testing specimens cast 
separately that properties can be properly evaluated. 

31. Investigations of Merten and of Lorenz. — Merten^s^^^*^ 
results show the effect of size of the coupon from which the test 
specimen was taken and the effect of the following heat treat- 
ments on the properties of large castings : 

Heat Treatment A. Normalized at 980®C. (1800®F.) for 36 hr. 
and cooled to 650°C. (1200°F.) Reheated at 850°C. (1565°F.) 
for 20 hr. and cooled in the furnace to 250®C. (400°F.). 
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Heat Treatment B, Normalized at 1100°C. (2010°F.) for 6 hr., 
reheated at 860°C. (1580°F ) for 6 hr., and cooled m air to 315®C. 
(600°F.). 

The steel contained 0 25 per cent carbon, 0 49 per cent man- 
ganese, 0.30 per cent silicon, 0.034 per cent sulphur, and 0.04 per 
cent phosphorus. The properties are shown in Table 4. 


Table 4 — Effect of Size op Test Coupon and op Heat Treatment on 
Mechanical Properties of Steel Castings* 


Test coupon 

Heat 
treat- 
ment (see 
text) 

Tensile 
strength, 
lb per 
sq in 

Yield 
strength, 
lb per 
sq in 

Elon- 
gation 
in 2 in , 
per cent 

Reduc- 
tion of 

area, per 

cent 

Remarks 

1 6 X 2 X 6 in 

A 

70,800 

44,900 

30 

49 

Average of 4 
tests 

12 X 14 X 10 in 

A 

61,000 

30,000 

16 

26 

Single test 

12 X 14 X 19 in t 

B 

66,150 

33,800 

26 7 

42 

Average of 6 
tests 

12 X 14 X 19 in t 

B 

66,000 

33,060 

25 8 

38 

Average of 5 
tests 

12 X 14 X 19 m § 

B 

69,500 

27,160 

34 1 

66 7 

Average of 6 
tests 


* Merten 

t Teste on core-drilled specimens from surface to 5-in depth 
t Tests on core-drilled spei miens from center of coupon 

§ Teste orf core-drilled specimens from surface to 6-in depth but with different pro- 
longation 



fb)-Methool of sectioning 


Tensile ]fhrpf 

Tensile 

AX AX 

AY 

Discard 1 

Discard 

flX BX 

BY 

Discard I 

Discard 

Zx vcT 

CY 


Cross sechon 
1o larger scale 
of portion used 
hr test 


(c) Location of test specimens 


Fio 6 — Method of casting and location of specimens in block (Lorenz 


It will be noted from this table that, by using a high normaliz- 
ing temperature followed by a refining treatment at a lower 
temperature, Merten was able to produce good mechanical 
properties in specimens cut from large test coupons, even when 
the specimen was cut from the center section. From these data 
and others not quoted here, Merten concluded that core-drilled 
specimens from critical sections of heavy castings or prolonga- 
tions of comparable sections should be tested, and that with 
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proper heat treatment such specimens can be made to pass 
specifications. 

Lorenz determined the mechanical properties of specimens 
from different sections of the 6-in. block shown in Fig 5, using 
four different heat treatments. The locations of the specimens 
are also shown in Fig. 5. It will be noted that the A and C 
specimens were from the outside of the casting, while tne B 
specimens were from the central section of the block. The vari- 
ous slabs were heat treated in sections approximately 1 in. square 
and 14 in. in length. The steel contained 0 28 per cent carbon, 
0.87 per cent manganese, 0.36 per cent silicon, 0 046 per cent 
sulphur, and 0.021 per cent phosphorus. The heat treatments 
are given in Table 5 and the resulting mechanical properties in 


Table 5 — Heat Treatment of Slabs from Cast 6-in Block* 


Specimen 

No 

Heat treatment 

IX and 4Y 

1 

Heated to 900®C (1650®F ), held 2 5 hr , air cooled 
Tempered at 595®C (1100°F ) for 5 hr 

AX and IF 

2 

Heated to 900®C (1650®F ), held 12 hr , air cooled 
Tempered at 595°C (1100®F ) for 6 hr 

2X and 3F 

3 

Heated to 995°C (1825"F ), held 12 hr , air cooled 
Heated to 870°C (1600°F ), held 2 hr , air cooled 
Tempered at 595°C (1100°F ) for 5 hr 

SX and 2F 

4 

Heated to 995°C (1825°F ), held 12 hr, aircooled 
Tempered at 595°C (1100°F ) for 5 hr 


* Lorenz 


Table 6. The significant results of these tests are the good 
properties of the specimens from the central section of the casting, 
the tensile strength being about 95 per cent of that of specimens 
from the outside sections, while the elongation, reduction of area, 
and Charpy impact values compared still more favorably. No 
significant differences in the properties resulted from these 
rather widely differing heat treatments. Thus, increasing the 
time at 900°C. (1650®F.) from 2 5 to 12 hr. or raising the tempera- 
ture from 900 to 995°C. (1650 to 1825°F.) had no important 
effect on the resulting properties. 

32. Investigations of Harper and Associates. — In the work by 
Harper and Stein^^^^^ particular attention was paid to the 
properties of test-coupon bars as compared with drilled specimens 
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Table 6 — Mechanical Properties op Specimens from Different 
Sections of 6- in Casting* 


Speci- 

men 

j 

Treat- 

ment 

Tensile 
strength, 
lb per 
sq m 

Yield 
strength, 
lb per 
sq in 

Elonga- 
tion m 

2 in , 
per cent 

Reduction 
of area, 
per cent 

Charpy 

impact, 

ft-lb 

1-AX 

1 

75,750 

45,650 

31 5 

46 9 

18 92 

4- AY 

1 

74,300 

45,200 

27 5 

42 8 


4-AX 

2 

75,450 

47,950 

23 5 

36 6 

19 18 

l-AF 

2 

75,000 

48,950 

26 5 

38 8 


2- AX 

3 

74,300 

46,200 

28 5 ' 

44 0 

20 38 

3- AY 

3 

74,600 

50,050 

29 5 

43 4 


3-AX 

4 

74,400 

50,450 

30 0 

48 9 

19 45 

2- AY 

4 

74,100 

47,400 

31 5 

41 9 


1-BX 

1 

71,350 

45,075 

28 5 

48 3 

24 71 

4-BY 

1 

71,900 

45,900 

23 5 

38 2 


4-5X 

2 

71,900 

43,450 

27 0 

36 3 

27 76 

\-BY 

2 

71,700 

43,800 

29 5 

46 3 


2-BX 

3 

71,100 

46,250 

29 0 

42 8 

24 56 

3- BY 

3 

71,550 

43,800 

31 5 

* 48 6 


3-BX 

4 

71,350 

46,750 

30 0 

41 9 

30 77 

2-57 

4 

71,300 

46,300 

31 0 

45 4 


1-CX 

1 

75,550 

48,350 

27 5 

43 1 

20 24 

4-C7 

1 

75,150 

49,100 

25 0 

43 4 


4-CXt 

2 

76,650 

47,350 

24 0 

22 7t 

20 24 

1-C7 

2 

74,950 

46,250 

23 5 

31 5 


2-CX 

3 

74,700 

49,050 

30 0 

44 9 

24 85 

3-C7 

3 

74,400 

45,400 

25 0 

32 1 


3-CX 

4 

74,100 

46,850 

26 2 

36 9 

22 02 

%CY 

4 

72,900 

49,350 

29 5 

46 0 



* Lorenz 

t Test specimen machined incorrectly to 0 485 in 


from castings weighing from 1000 to 20,000 lb. and to the effect 
of single, double, and triple heat treatments. Details of the 
specimens and the heat treatments are as follows: 

Steel 'Specimen and Heat Treatment 

A Test-coupon bar, 1X1X6 m , on 1000-lb 

casting, annealed 8 hr. at 870°C. (1600°F ) 

B . Specimen drilled from lOOO-lb casting after 

heating 2 hr at 845°C (1550°F quenching in 
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water to 650°C. (1200°F ), followed by anneal- 
ing 4 hr at 830^0 (1525"F ) 

C . . , Specimen drilled from 20,000-lb casting Nor- 
malized 15 hr at 950°C. (1750°F ), annealed 
24 hr, at 845^^0 (1550°F ) 

D . Specimen drilled from 12,000-lb casting after 
normalizing 10 hr at 885 °C (1625°F ), anneal- 
ing 10 hr at 845°C (1550®F ), reheating 3 hr 
at 695°C. (1290°F ) 

The data for these specimens are given in Table 7. 

Of special interest is the higher ductility as shown by the 
elongation and reduction of area of the specimens which were 
quenched or normalized as compared with the specimen which 
was simply annealed. It will be noted that the specimens drilled 
from the large casting which had been given proper heat treat- 
ments showed physical properties which compared favorably 
with the specimens from test-coupon bars. 

MacPherran and Harper^^^®^ cited data on test bars core drilled 
from 10-ton castings containing about 0 30 per cent carbon, 
0.70 per cent manganese, 0.30 per cent silicon, 0.035 per cent 
sulphur, and 0 04 per cent phosphorus, held 10 hr. at 900°C. 
(1650®F.), air cooled, held 10 hr at 845®C (1550°F ), furnace 
cooled, then given a 3-hr. spheroidizmg treatment at 700°C. 
(1290°F.), and air cooled These castings showed, on specimens 
taken radially, 70,000 to 75,000 lb. per sq in tensile strerfgth and 
36,500 to 42,000 lb. per sq. in yield strength, with 30 per cent 
elongation (gage length not given, probably 2 in.) and 46 to 50 per 
cent reduction of area 


Table 7 — Compakison op Properties of Coupons and Drilled 
Specimens of Regular-grade Steel Castings* 


Steel 

Composition, per cent 

1 

Tensile 
strength, 
lb per 
sq in 

Yield 
strength, 
lb per 
sq in 

Elon- 
gation 
in 2 in , 
per cent 

Reduc- 
tion of 
area, 
per cent 

C 

Mn 

Si 

P 

S 

A 

0 28 

0 60 

0 29 

0 035 

0 044 

71,300 

37,700 

20 

28 

B 


(Same as A) 


66,850 

37,900 

30 

45 

C 

0 28 

0 67 

0 31 

0 034 

0 040 

74,900 

43,700 

30 

50 

D 

0 31 

0 71 

0 29 

0 034 

0 039 

70,000 

36,600 

30 

50 

1 


* Harper and Stein.oaa) 
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They also reported on core-drilled radial specimens from a 
50-ton casting of 0.28 per cent carbon, 0.69 per cent manganese, 
l). 33 per cent silicon, 0.037 per cent sulphur, and 0.032 per cent 
phosphorus steel, held 20 hr. at 870®C. (1600°F.) and furnace 
cooled, then held at 675°C. (1250®F.) for 18 hr., for spheroidizing, 
and furnace cooled, which gave 66,000 lb. per sq. in. and 30,500 lb. 
per sq in tensile and yield strengths with 32 per cent elongation 
and 49 per cent reduction of area. 


F. AUTHOR’S SUMMARY 

1. The most important recent developments in the steel- 
castings industry have been the introduction of modern methods 
□f heat treatment and the use of alloy steels. Most steel castings 
are now given some form of heat treatment. There are many 
modifications of these heat treatments, such as annealing, 
normalizing, normalizing followed by annealing, double anneal- 
ing, quenching in a liquid medium, annealing or normalizing 
followed by quenching in a liquid medium, etc. It is general 
piactice to follow normalizing or quenching in a liquid medium 
by tempering, the temperature used in tempering depending upon 
the properties required and the composition of the steel, but 
for maximum toughness it is customary to heat to just below the 
lower critical point. There is a marked increase in the use of a 
liquid quench as a means of developing the highest possible 
mechanical properties, and this method of heat treating makes 
possible a wide range in the strength and toughness properties 
by varying the tempering temperature and time. 

2. Specifications for steel castings of different grades or classes 
have been developed by technical societies and by the larger 
consuming industries. These specifications have aided in 
standardizing the quality of castings of different classes, but there 
are indications that some of them need revision in order to make 
them more nearly representative of modern industrial practice. 

3. There is a lack of agreement or standardization in regard 
to casting separate test specimens, the use of coupons attached to 
the castings, or of specimens cut or drilled from the castings. 
The use of lugs or coupons attached to the castings is more 
extensively employed in present practice as a means of providing 
test specimens. 
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4. The temperatures used in normalizing and annealing vary 
considerably in different plants, ranging from about 870 to 
1090°C. (1600 to 2000®F.). In general, higher temperatures are 
used for the larger castings and in those heat treatments which 
are intended to remove segregation or cast structure. Lower 
temperatures are used to effect the maximum grain refinement. 
A combination of two heat treatments may be used, in which 
the first is at a higher temperature for homogenizing the casting, 
and the latter at a lower temperature for maximum grain refine- 
ment. Normalizing or annealing prior to heating for liquid 
quenching is favored by some metallurgists but is not considered 
necessary by others and is not always used in practice. 

5. The time of holding the castings at the heat-treating 
temperature (soaking) is generally not less than 1 hr. for each 
inch in maximum thickness of section, and times up to 2 hr. or 
more per inch of thickness of maximum section are used. 

6. Radiography plays a rather important part in detecting 
defects in steel castings, in helping to eliminate certain defects, 
and in providing a non-destructive method of testing materials 
which are to be used for special service 

7. The solidification shrinkage of steel castings amounts to 
5 to 6 per cent of the volume, and when the castings are not 
properly gated and fed may cause shrinkage cavities or internal 
hot tears. 

8. In cooling from the solidification temperature to ordinary 
temperatures, cast steel shows a linear shrinkage of slightly over 
2 per cent, which is known as pattern shrinkage, and foundrymen 
usually provide for a linear shrinkage of in per ft , which 
corresponds to 2.08 per cent. Solid shrinkage is thought to 
cause external hot tears when the mold offers too much resistance 
to shrinkage of the casting or when the design introduces severe 
stresses due to unequal rates of cooling. 

9. The chemical composition determifies the potential proper- 
ties of castings, but foundry practice and heat treatment may be 
more important factors. As a result, chemical composition is 
used less as a basis for specifications or purchases than are 
mechanical properties. The functions of the various elements 
and their usual ranges in percentage have been given. 

10. The form and distribution of inclusions iii steel castings are 
known to be of great importance in determining their ductility. 
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There is general agreement that inclusions in rounded form 
randomly distributed are less harmful than when they occur in 
stringers or in eutectic-like pattern at the grain boundaries. 
The exact conditions with reference to chemical composition 
and foundry practice which cause some melts of steel to produce 
castings of low ductility while others of apparently the same 
analysis produce castings of good ductility are not definitely 
known; this subject seems to require further study. 

11. Data have been presented to show the effect of size of 
casting and location of the test specimen on the mechanical 
properties Lower values are found in the larger castings, but 
with proper foundry practice and subsequent heat treatment 
the properties of specimens from heavy sections can, in some 
cases, be made to Approach rather closely those of coupons 
attached to the castings or even of separately cast small bars. 



CHAPTER III 


MECHANICAL PROPERTIES OF CAST STEELS 

Low-carbon Steel Castings — Regular-grade Steel Castings — High- 
carhon Steel Castings — Torsional and Compressive Properties — A uthoPs 
Summary 

As noted in the previous chapter (page 24) the usual specifici 
tions for steel castings give only the minimum requiremem 
for the mechanical properties of three grades — soft, medium, an 
hard — and the maximum allowable percentages of sulphur an 
phosphorus. Foundrymen generally favor the use of mechanici 
properties as a basis for the purchase of castings, instead of tf 
chemical composition (i.e., carbon, manganese, and silico 
ranges in addition to the regularly specified maxima for sulphi 
and phosphorus), or a combination of properties and compositioi 
In discussing the properties of cast steel it is, however, advise 
ble to group the data according to carbon content; therefon 
the classification followed by Long and Williams^^^^^ and adv( 
cated earlier 'by Bulb^^^^ has been used. Castings contatnin 
from 0 22 to 0.35 per cent carbon have been referred to £ 
^^regular-grade carbon-steel castings^' because, as is generall 
known, this range in carbon content includes by far the majc 
tonnage of steel castings produced. Bull recommended that th 
other elements present in castings of this grade should be i 
the following range: 0.50 to 0.90 per cent manganese, 0 20 t 
0.70 per cent silicon, 0.050 per cent maximum phosphorus, an 
0.060 per cent maximum sulphur. T^hese requirements have nc 
been strictly adhered to in the selection of the data here pn 
sented, but in all possible cases the analysis of the steels h£ 
been given. 

The two other classes are referred to as ^4ow-carbon ste( 
castings,^’ in which the carbon is less than 0.22 per cent, an 
‘‘high-carbon steel castings, in which the carbon ranges froi 
0.36 to 0.60 per cent. A very limited tonnage of steel casting 
has been produced in which still higher carbon contents hav 
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been used; these may be referred to as extra-high-carbon steel 
castings/^ although this term has not been used in industry. 

In comparing very roughly the Lorig and Williams classification 
with the usual commercial grades, the “regular grade^' of the 
former corresponds approximately to the medium grade. Soft 
commercial castings rarely contain less than 0.15 per cent carbon, 
and hard castings seldom more than 0 50 per cent carbon. 
Lorig and Williams, however, quoted properties of low-car- 
bon castings with as little as 0 09 per cent, and high-carbon cast- 
ings containing as much as 0.86 per cent carbon, some of which 
will be considered under the classification of extra-high-carbon 
castings. 

The collection of data on mechanical properties of cast steel 
assembled by Lorig and Williams has been liberally used in 
this chapter to indicate typical properties of the various grades 
It is emphasized in the original paper^^^^^ that published data 
are rarely complete in giving chemical composition, method of 
casting, size of casting, heat treatment, size of test specimen, and 
method of testing; therefore values are not always strictly 
(comparable Different countiies use specimens of different 
sizes and different gage lengths; values for elongation and reduc- 
tion of area, therefore, lose some of their significance. German 
investigators usually express impact values m terms of energy 
absorbed per unit of cross-sectional area, while American investi- 
gators simply report the energy absorbed for the different 
specimens. The only possible means of reproducing some of 
these data seems to be to report them just as published, because 
accurate conversions cannot be made 

In general, the details hereinafter quoted from Lorig and 
Williams^^^^®^ paper, of composition and heat treatment, are 
fairly complete. Of the other variables mentioned above, which 
may affect the mechanical properties and concerning which there 
are no clues in the original compilation, the effect of mass is 
clearly the most important. It was shown in the previous chap- 
ter that, in general, lower properties are found in test bars from 
large eastings; but with proper foundry practice and subsequent 
heat treatment the properties of specimens from heavy sections 
can in many cases be made to approach rather closely those of 
coupons attached to the castings or even of separately cast 
bars. 
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It may be assumed that in most cases the specimens for which 
properties are given in Tables 9, 11, 14, 16, and 20 were from 
attached coupons and are probably representative of the proper- 
ties of small castings of the given composition after the specified 
heat treatment. It may also be assumed, especially for the 
higher carbon steels, that the properties of large castings would 
be somewhat lower than the values given in these tables. 

A. MECHANICAL PROPERTIES OF LOW-CARBON STEEL 
CASTINGS 

As noted before, Lorig and Williams classified as low carbon 
those cast steels which contained less than 0.22 per cent carbon. 
To simplify tabulation of the mechanical properties these have 
been subdivided further : into steels with 0.09 to 0.14 per cent, and 
steels with 0.15 to 0.21 per cent carbon. 

33, Cast Steels Containing 0.09 to 0.14 Per Cent Carbon. — 
Compositions, heat treatments, and properties at normal tem- 
perature of cast steels containing 0.09 to 0.14 per cent carbon are 
given in Tables 8 and 9, arranged in the order of their carbon 
content. The values on steel 2, which indicate the effect of heat 
treatment, are from Hatfield; all of the other data are from 
the Lorig and Williams^^^^^ paper, with the original sources cited. 

Low-carbon steel castings were formerly used almost exclu- 
sively in the cast condition; heat treatment was not necessary to 
produce fair ductility, and in many foundries no annealing 
facilities were available. Lately, however, heat treatment of 
these low-carbon grades has become more generally used; for 
many commercial applications, the improved mechanical proper- 
ties are ample justification for the added cost. 

34. Cast Steels Containing 0.16 to 0.21 Per Cent Carbon. — 
Data on the mechanical properties of cast steels containing 0 15 
to 0.21 per cent carbon, after the heat treatments shown in 
Table 10, are given in Table 11. All of these data are from 
Lorig and Williams, but original references are included 
It will be noted from the values shown in Table 11 that when the 
carbon is 0.15 per cent or more the strength is frequently high 
enough to meet the various specifications for commercial soft- 
steel castings (60,000 lb. per sq. in., minimum tensile strength), 
while some of them meet the requirements for the medium grade 
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♦ Tempered at 660®C (1200®F ) for 2 hr and air cooled 
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(70,000 lb. per sq. in., minimum tensile strength). In most cases, 
however, ductility values are too low to meet these specifications 


Table 9 — Mechanical Properties of Cast Steels Containing 0 09 to 
0 14 Per Cent Carbon 


Num- 

ber 

Tensile 
strength, 
lb per 
sq in 

Yield 
strength,* 
lb per 
sq in 

1 

Elon- 
gation, 
per cent 

j 

Gage 

length 

Reduction 
of area, 
per cent 

Impact 
value, 
m-kg per 
sq cm 

Bnnell 

hardness 

lA 

50 , 500 

30,000+ 

31 8 

100 mm t 

66 8 



B 

64,600 

33,700+ 

33 0 


60 2 



2A 

42,000 

33,000 

17 

Not given 

24 



B 

40,000 

32,600 

38 


66 



C 

36 , 600 

28,600 

38 


64 



D 

37,000 

30 , 500 

39 


66 



E 

39,600 

36,500 

38 


'61 1 



3A 

66,000 

38,000+ 

33 0 

Not given 

36 0 



4A 

69,000 

26,000 

13 2 

1 «= 10 d 

30 0 

3 7 

126 

B 

67,000 

24,000 

28 2 


63 0 

2 1 

119 

C 

60,000 

36,000 

29 6 


59 6 

16 0 

116 

D 

60,000 

36,000 

31 0 


64 0 

13 7 

126 

5A 

51,000 

26,000 

36 2 

Z - 6d 

66 3 

4 St 


6A 

42,000 

15,000 

26 0 

Z = lOd 

40 9 


90 § 

B 

42,000 

15,000 

33 6 


64 3 


90 § 

C 

43,000 

26,000 

34.6 


67 4 


“96 § 

7A 

62,000 

33,000 

13 1 

Z * lOd 

14 2 

2 94 

143 

B 

66,000 

28,000 

14 4 


43 1 



C 

68,000 

40,000 

24 4 


40 4 

9 39 

143 

D 

68,000 

38,000 

26 0 


38 3 

7 09 

141 

E 

69,000 

35,000 

26 2 


46 8 

7 42 

137 

8A 

69,000 

34,000 

18 6 

Z = 6cZ 

j 28 7 

7 4t 



* Reported as yield point except values marked + which were reported originally as elastic 
limit 

t Specimen 13 8 mm (0 54 in ) in diameter, 100 mm (3 94 in ) long 
$ Specimens 30 X 30 X 160 mm Cylindrical notch 4 mm in diameter, 16 mm deep 
§ These Bnnell numbers are lower than normal Oberhoffer’s curves for average hardness 
show that this composition would ordinarily give 116 to 126 Bnnell 


To illustrate the properties being regularly obtained in com- 
mercial practice, data for five heats of basic open-hearth steel 
castings are given in Table 12. It is not clear from the text 
of Fenstermacher's paper^^**^^ Jiow the castings or test coupons 
were heat treated. Probably, however, they were annealed. 
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♦ Heated 30®C (55®F ) above critical [The 29®C (8o®F ) m the Long and Williams paper is an error ] 
t Forged and heated at 850®C (1560°F ) for 3 hr , cooled slowly 
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normalized, or normalized and annealed in accord with the usual 
practice when definite minimum mechanical properties are 
specified. 


Table 11. — Mechanical Properties of Cast Steels Containing 0.16 to 
0 21 Per Cent Carbon 


Num- 

ber 

Tensile 
strength, 
lb per 
sq in 

\ield 
strength,* 
lb per 
sq in 

Elon- 
gation, 
per cent 

Gage 

length 

Reduction 
of area, 
per cent 

Impact 
value, 
m-kg per 
sq cm 

Sclero- 

scope 

hardness 

lA 

62,000 


34 0 

2 in 

52 

5 



2A 

64,000 

35,000 

28 5 

II 

o« 

40 

2 

3 7t 


3A 

73^000 


34 0 

2 in 

49 

0 



4A 

76,000 

47,000 

15 0 

Not given 

26 

0 


31 0 

B 

73,000 

46,000 

16 0 


33 

0 


29 5 

C 

72,000 

45,000 

17 0 


36 

0 


29 0 

D 

71.000 

44,000 

18 0 


39 

0 


28 5 

E 

70,000 

42,000 

19 0 


42 

0 


28 0 

F 

68,000 

39,000 

21 0 


46 

0 


27 0 

0 

66,000 

34,000 

24 0 


51 

0 


26 0 

5A 

68,000 

43,000+ 

35 0 

Not given 

56 

0 



6A 

69,000 

43,000+ 

27 2 

Not given 

39 

7 



7A 

70,000 

47,000 

26 9 

1 ^ 5d 

50 

9 

7 3t 

- 

SA 

69,000 

41,000 

26 9 

1 ^ 10 d 

55 

7 



9A 

68,000 

45,000 

21 0 

/ - lOd 

60 

5 



lOA 

76,000 

43,000+ 

25 0 

2 in 

33 

5 

4 60t 


B 

78,000 

53,000+ 

27 0 


42 

0 

8 13t 


C 

80,000 

56,000+ 

28 0 


45 

0 

9 89t 


D 

81,000 

56,000+ 

32 0 


60 

0 

17 12t 



* Reported as yield point except values marked which were reported onginally as 
elastic hmit 

t Specimen was 30 X 30 X 160 mm The cylindrical notch was 4 mm in diameter and 
15 mm deep. 

X Specimen was 10 X 10 mm The notch was 2 mm wide and 6 mm deep 


McCrea and DowdelP^®^^ noted that aluminum-killed acid 
steels cast in green-sand molds and containing about 0 20 per 
cent carbon may have higher tensile and yield strengths and lower 
ductility than required by specifications, presumably due to 
inclusions. If the normalized specimens are reheated just 
below the critical — about 705°C. (1300®F.) — the ductility is 
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improved. Figure 6 shows the results on specimens of repre- 
sentative steels containing 0.18 to 0 21 per cent carbon, 0.65 to 
0.74 per cent manganese, and 0 32 to 0.46 per cent silicon, 
after heating for 2 hr. in a plant furnace at 885 to 900°C. (1625 
to 1650®F.) and air cooling, followed by reheating to 705°C. 
(1300®F.) in a laboratory furnace for the times indicated. The 



Fiq. 6 — Effect of time of reheating at 705°C (1300°F ) on the tensile proper- 
ties of aluminum-killed 0 20 per cent carbon cast acid steel {McCiea and 
Dowddl 

specimens represented by the solid circles had good ductility 
after the initial normalizing, the others inferior ductility. A 2-hr. 
tempering treatment at 705°C. (1300°F.) materially increased 
the ductility of the latter and was found to be the most effective 
of the treatments tried. 

B. MECHANICAL PROPERTIES OF REGULAR-GRADE STEEL 

CASTINGS 

In addition to the properties summarized in Tables 13 to 16, 
many of which are from experimental heats, considerable informa- 
tion is available on the mechanical properties, as cast and after a 
variety of heat treatments, of commercial steel castings contain- 
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mg between 0.22 and 0.35 per cent carbon. This is to be expected 
as by far the largest commercial produccion is of castings having 
a carbon content within this range. 


Table 12 — Mechanical Properties of Commercial Low-carbon Steel 

Castings* 



Composition, per cent 


Tensile properties! 


Num- 

ber 

C 

Mn 

Si 

P 

S 

Tensile 
strength, 
lb per 
sq in 

Yield 
strength, i 
lb per 
sq in 

Elon- 
gation 
in 2 in , 
per cent 

Reduc- 
tion of 
area, 
per cent 

1867 

0 19 

0 61 

0 30 

0 029 

0 028 

68,000 

40,500 

32 0 

55 5 

1876 

0 21 

0 69 

0 33 

0 018 

0 025 

73,000 

46,500 

31 0 

50 3 

1908 

0 16 

0 n 

0 32 

0 018 

0 025 

75,500 

44,000 

36 0 

62 6 

1919 

0 21 

0 65 

0 32 

0 025 

0 024 

76,300 

44,900 

34 0 

54 0 

2448 

0 20 

0 67 

0 35 

0 020 

0 029 

73,000 

41,000 

32 0 

57 7 

Aver- 

age 

0 19 

0 67 

0 30 

0 022 

0 026 

73,100 

43,500 

33 0 

66 0 


♦ Fenstermacher.^*^*) 

t Teats on specimens from 1 X 2 X 10-in lugs removed from castings after heat treating 
t Reported as elastic limit 


36. Long and Williams’ Data. — The mechanical properties of 
regular-grade cast steels as summarized by Lorig and Williams^®^^^ 
are given in Tables 13 to 16. The revsults by Mitchelh*^®^^ 
have been deleted, as these show clearly the effect of heat treat- 
ment on commercial castings and so are given in detail on page 65 
Values for a 0.29 per cent carbon steel, from Hatfield, have 
been added to Table 15. Tables 13 and 14 give the compositions, 
heat treatments, and properties of steels containing 0.23 to 
0.28 per cent carbon; Tables 15 and 16 give the corresponding 
data on steels containing 0.29 to 0.34 per cent carbon. 

The data given in Tables 14 and 16 show that in general the 
strength and hardness increase and the ductility decreases as Jhe 
carbon content increases. 

38. Properties of Regular-grade Castings Obtainable in Com- 
mercial Production. — Several investigators have reported data 
on castings made in regular production. A few of these data by 
Fenstermacher,^^^®) Gregg, and Mitchelh^®®^ are given in 
Table 17. ' ~ 
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Steel 1C, 1 hr at 650°C (1200°F ) 

Steel 3C, 1 hr at 315°C (600°F ) air cooled 
Steel 3D, 1 hr at 540*0 (1000°F ) air cooled 
Limace cooled to 540*0 (1000®F ), then cooled in air 
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The results by Fensternmcher were obtained on basic-open 
learth castings over a period of one month. The specimens 
vere machined from 1 X 2 X 10-in. lugs cut from the castings 
vhich were presumably heat treated. Details are not given; 


Table 14. — Mechanical Properties of Cast Steels Containing 0 23 to 
0 28 Per Cent Carbon 


dum- 

ber 

Tensile 
strength, 
lb per 
sq in 

Yield 
strength,* 
lb per 
sq in 

Elon- 
gation, 
per cent 

Gage 

length 

Reduc- 
tion of 

area, 
per cent 

Impact value 

Brinell 

hardness 

Charpy, 

ft-lb 

m-kg per 
sq cm 

lA 

62,000 

34,000-^ 

13 0 

Not given 





B 

68,000 

41,000+ 

17 0 


13 9 




C 

73,000 

47,000+ 

17 6 


24 9 




2A 

71,000 

42,000+ 

28 6 

Not given 

' 47 8 




SA 

67,000 

27,000 

22 0 

2 in 

33 0 

20 1 


119 

B 

77.000 

44,000 

30 5 


61 0 

32 6 


136 

C 

77,000 

43,000 

31 5 


62 0 

32 0 


136 

D 

76,000 

43,000 

31 7 


66 0 

34 0 


133 

4A 

66,000 


6 2 

1 = 5d 

4 6 


1 4t 


B 

64,000 


15 9 


16 5 


1 If 


C 

70,000 


8 3 


12 8 


2 9t 


6A 

66.000 


22 6 

1 = 5d 

37 3 


2 It 


B 

68,000 


27 8 


61 3 


2 Of 


C 

74,000 


20 3 


30 3 


8 6t 


6A 

76,000 


33 0 

2 in 

64 2 




1 

7A 

72,000 

46,000+ 

32 9 

Not given 

67 6 


36 6t 


8A 

76,000 

36,000 

18 3 

Z = 5d 

28 3 


1 6t 


9A 

74,000 

43,000 

28 0 

2 in 

42 0 ' 





♦ Reported as yield point except values marked which were originally reported as elastic 
imit 

t Specimens were 30 X 30 X 160 mm. The cylindrical notch was 4 mm in diameter, 
16 mm deep 

X Fr6mont bar, value given in m-kg 

probably the heat treatment consisted of annealing, normalizing, 
ir both. 

Gregg^s^®^^ data are from tests on lugs cast on the rim of 
ocomotive-wheel centers which in the rough had an over-all 
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Refer- 
ence No 

709 

74 

57 

161 

68 

57 

Original 

investigator 

Hatfield 

Langenberg 

HaU, Nissen, and 
Taylor 

Korber and Pomp 

Giohtti 

Hall. Nissen, and 
Taylor 

1 

Heat treatment 

Cooled 

in 

Slowly 

Furnace 

Sand 

Air 

Furnace 

Furnace 

Air 

Air 

Reheating 

Time, 

hr 


1 

I Temperature 


1130 

1165 

1130 

1420 

1200 

930 

1020 

1250 

1290 

O 

0 

610 

630 

610 

770 

650 

500 

550 

1 675 
700 

Cooled 

in 

Air 

Air 

To 610®C 

Air 

To 610®C 

To 600®C 

Water 

Furnace 

Air 

Furnace 

1 Slowly 
Rapidly 

Slowly 

Air 

; not known) 

: Water I 

' Air 

Heating | 


a 

o 

(OOOOfOfOO 01<N<N 

M (N ^ 

Temperature 

(3^ 

o 

St 

1650 

1615 

1560 

1650 

1650 

1615 

1650 

1650 

1740 

1650 

St 

aled 

aled 

st 

1560 

1560 

eeived ( 
1560 1 
1560 


1 

As ca 
900 
880 
850 
900 
900 
880 

900 

900 

950 

900 

As ca 
Anne: 
Anne! 

As ca 

850 

850 

* 

As re 

850 

850 

Composition, per cent 


0 03 

0 038 

0 031 

0 06 

m 

0 03 

0 038 

0 09 

0 02 


0 24 

0 18 

0 31 

0 39 

0 19 

0 61 

Mn 

0 81 

0 62 

0 94 

0 84 

0 96 

0 86 

O 

0 29 

0 30 

0 31 

0 34 1 

0 34 

0 34 

Num- 

ber 

f-i CO 'i* 


* Forged and heated at 850®C (1560°F ) for 3 hr , cooled slowly 
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quenched after holding 3 hr. at 900°C. (1650®F.), tempered for 
4.5 hr. at 620®C. (1150°F.), and furnace cooled. In view of 
the opinion expressed by some that high manganese is accom- 
panied by brittleness, the high elongation and especially the 


Table 16 — Mechanical Properties of Cast Steels Containing 0 29 to 
0 34 Per Cent Carbon 


Num- 

ber 

Tensile 
strength, 
lb per 
sq in 

Yield 
strength,* 
lb per 
sq in 

1 

Elon- 
gation, 
per cent 

Gage 

length 

Reduc- 
tion of 

area, 
per cent 

Impact values 

Brinell 

hardness 

Charpy, 

ft-lb 

m-kg per 
sq cm 

lA 

79,000 

44,000 

10 

Not given 

12 0 




B 

84,000 

52,500 

20 


27 6 




C 

79,000 

49,500 

26 


30 8 




D 

76,000 

48,500 

17 


21 6 




E 

83,500 

49,500 

23 


30 8 




F 

74,500 

39,500 

30 


44 8 




Q 

78,500 

49,000 

25 


36 3 




2A 

87,000 

57,000 

15 3 

Not given 

22 8 

14 25 


176 

B 

79,000 

46,000 

18 3 


27 2 

11 32 


156 

C 

83,000 

50,000 

16 2 


23 9 

11 87 


159 

3A 

78,000 

48,000+ 

26 2 

Not given 

41 3 




4A 

85,000 


10 0 

1 • 5d 

10 0 


1 It 


B 

79,000 

40,000 

18 9 


24 7 


3 3t 


C 

86,000 

54,000 

14 3 


19 3 


4 8t 


5A 

87,000 

51,000+ 

18 0 

2 in 

21 0 


1 7t 


B 

86,000 

55,000+ 

25 0 


33 5 


6 16t 


C 

91,000 

63,000+ 

24 0 


40 5 


7 41t 


D 

89,000 

59,000+ 

30 0 


53 0 


11 76t 


6A 

1 88,000 

55,000+ 

24 3 

Not given 

35 6 


32 5t 


B 

83,000 

55,000+ 

21 0 


32 7 


30 Ot 


C 

97,000 

58,000+ 

22 2 


31 4 


12 5t 



T 


* Reported as yield point except values marked ^ which were reported originally as elastic 
limit 

t Specimens were 30 X 30 X 160 mm The cylindncal notch was 4 mm in diameter, 
15 mm deep 

t Fr6mont bar, values given m m-kg. 


high value for reduction of area shown in Gregg^s data in Table 
17 are significant. Another interesting feature in connection 
with Gregg^s work is that these rather complicated castings were 
given a water quench, and no trouble was encountered from 
cracking. 
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Table 17. — Averaob Mechanical Properties op Requi^ar-oRade 
Commercial Castings* 


Composition and properties 

Fenster- 
macher,^^*®^ 
average of 
54 tests 

] 

Gregg, 
average of 
94 tests 

Mitchell, 
average of 

80 tests 

Carbon, per cent . . . 

0 22 to 0 30 

0 28 to 0 35 

0 30t 

Manganese, per cent 

0 66 to 0 80 

0 85 to 0 90 

0 79 

Silicon, per cent 

0 30 to 0 35 

0 36 to 0 46 

0 30 

Sulphur, per cent 

0 020 to 0 030 

About 0 030 

0 026 

Phosphorus, per cent 

0 015 to 0 035 

About 0 037 

0 030 
(a) (6) 

Tensile strength, lb. per sq in 

76,000 

94,000 

74,100 76,000 

Yield strength, lb per sq in 

44,200 

69,500 

37,100 41,500 

Elongation in 2 in , per cent 

30 3 

26 0 

19 5 24 5 

Reduction of area, per cent 

47 6 

61 0 

31 0 46 2 

Brinell hardness 


180 

160 145 

Izod impact, ft-lb 


40 to 45 ' 

16 20 

Endurance ratio 



0 40 0 44 


* See text, section 36, for details of heat treatment 

t Average of 80 specimens of basic open-hearth and acid electric steels Analyses very 
uniform 


Temperlng+cmpcrtfdurc^deg C 
300 400 500 600 700 



Fio. 7 , — Effect of tempering on mechanical properties of 1.26-in. sq. cast 
bars (see Table 17 for composition), water quenched from 900®C. (1660®F ) 
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The data from MitchelFs paper^^^®^ reproduced in Table 17 are 
average properties determined on: (a) specimens cast in 1.25dn. 
sq. bars, and (6) specimens annealed at 900°C. (1650°F.) 


Fig. 8. — Structure of 0.30 per cent carbon, 0.79 per cent manganese, cast steel. 
^ = as cast; B = annealed; C = water quenched and tempered at 705°C. 
(1300°F.). 100 X (Courtesy of Bonney-Floyd Company.) 

and cooled slowly. He also determined the properties of the 
material after quenching in water from 900°C. (1650°F.) and 
tempering at 260, 370, 480, 595, and 705°C. (500, 700, 900, 1100, 
and 1300°F.). These data are given in Fig. 7. Typical micro- 
structures of specimens as cast, as annealed, and as quenched and 
tempered at 705°C. (1300°F.) are shown in Fig. 8. 
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Mitchell also calculated the average improvement in mechan- 
ical properties of cast carbon steel of the composition given in 
Table 17 by (1) annealing and (2) water quencWg from 900®C. 
(1650°F.) and tempering at 705®C. (1300®F.). The percentage 
increase was based upon the properties of 1.26-in. sq. cast bars 
as unity: 



Increase, per cent 

Property 

Annealed 

specimens 

Quenched and 
tempered 


specimens 

Tensile strength 

1 1 

12 6 

Yield strength 

12 0 

53 8 

Elongation in 2 in 

30 8 

61 5 

Reduction of area 

61 7 

124 1 

Bnnell hardness 

8 3* 

2 5 

Izod impact 

23 5 

158 8 

Endurance ratio 

10 0 

25 5 


* Decreaae 


The importance of the impact properties of regular-grade steel 
castings was emphasized by Grotts/*^®^ who maintained that 
lack of ability to resist impact has been the cause of many 
so-called mysterious failures encountered in service. He 
found no relation between tensile strength and impact resist- 
ance but observed an increase in impact resistance with 
increase in yield strength. He concluded that metallographic 
examination gave the best indication of the probable impact 
properties and that these properties are markedly influenced by 
heat treatment. 

For use as a base line in studying the mechanical properties 
of cast alloy steels, Armstrong^^®®^ determined properties on a 
0.5-ton heat of basic electric carbon steel containing 0.30 per cent 
carbon, 0.70 per cent manganese, and 0.28 per cent silicon. The 
work was done at Norfolk Navy Yard as part of an investigation 
to determine the best chemical composition and heat treatment 
for ship castings. The data on the cast carbon steel are shown 
in Table 18. Armstrong found, for castings which could not 
readily be subjected to. quenching and tempering, that normaliz- 
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ing followed by tempering resulted in better yield strength and 
impact values than any of the annealing treatments used. 

From the foregoing discussion it is evident that 0.22 to 0.35 
per cent carbon steel can be cast and treated to produce a wide 
range of mechanical properties, thus making this grade suitable 
for practically all the requirements of the industries using carbon- 
steel castings. There are some applications for which low- 
carbon steel castings are preferred and, as indicated later, other 
applications for which high-carbon castings are most suitable; 
for the major tonnage of castings, however, present practice 
tends toward using cast steel within the regular-grade carbon 
range, modifying the properties by heat treatment or alloy addi- 
tions as required. 

C. MECHANICAL PROPERTIES OF HIGH-CARBON STEEL 
CASTINGS 

There have been a number of reports of mechanical properties 
of cast carbon steel containing between 0.36 and 0.60 per cent 
carbon, but only two, by Oberhoffer in Germany and Arnold in 
England, on steels containing more than 0.60 per cent. 

37. Cast Steels Containing 0.36 to 0.60 Per Cent Carbon. — 
Lorig and Williams^®^®^ have also summarized existing data on 
the properties of high-carbon steel castings. Part of their sum- 
mary is given in Tables 19 and 20. The tensile strength after 
heat treatment varies from about 80,000 lb. per sq. in for 
the lower carbon contents to approximately 90,000 lb. per sq. in. 
for the 0.46 to 0.53 per cent carbon castings. Ductility as 
represented by the elongation is in most cases satisfactory, 
ranging from 16 to 27 per cent, depending upon the carbon con- 
tent and heat treatment. The highest values were obtained 
by the heat treatments given to specimens 15, 2A, 65, 6(7, 85, 
and 95. 

The effect of tempering after quenching cast steels containing 
0.19 per cent carbon and 0.62 per cent manganese, and 0.38 per 
cent carbon and 0.61 per cent manganese (sulphur and phos- 
phorus 0.05 .per cent or less) was studied by Grotts.^^^^^ Values 
for the low-carbon material are included in Tables 10 and 11, 
pages 57 and 58. Values for the higher carbon grade are given 
in Table 21, 
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Table 18 — Armstrong’s^ Data on Cast Carbon Steel, Containing 
0.30 Per Cent Carbon, 0,70 Per Cent Manganese, and 0.28 Per 
Cent Silicon 


Num- 

ber 

Tensile 
strength, 
lb per 
sq in 

Yield 
strength,* 
lb per 
sq in 

Elon- 
gation, t 
per cent 

Reduc- 
tion of 
area, 
per cent 

Izod 

impact 

value, 

It-lb 

Treatment 

lA 

81,400 

41,600 

22 0 

34 5 

8 0 

As cast 

IB 

78,700 

44,260 

28 0 

46 0 

20 6 

Annealed at 900®C (1660®F) 

1C 

77,000 

43,400 

29 0 

46 0 


Annealed at 926®C (1700*»F ) 

ID 

77,260 

46 , 760 

29 6 

48 0 


Double annealed at 900^0 
(1650°F ) 

IE 

77,200 

46,000 

29 6 

47 0 

22 to 28 

Double annealed at 900 and 
830®C (1660 and 1626°F ) 

IF 

76,000 

40,750 

30 6 

60 0 


Double annealed at 926 and 
816®C (1700 and 1600°F ) 

IG 

79,000 

60,700 

30 0 

47 0 


Normalized at 926®C 
(1700°F.) Annealed at 
830®C (1526®F) 

IH 

79,000 

46,000 

31 0 

47 0 

34 0 

Normalized at 900®C 
(1660®F ) Tempered at 
650®C (1200®F) 

\J 

79,600 

49,400 

32 0 

63 0 

41 0 

Double normalized at 900®C 
(1660®F ) Tempered at 

660®C (1200®F) 

IK 

76,000 

44,600 

31 0 

66 0 

33 0 

Double normalized at 926 and 
830®C (1700 and 1626®F ) 

Tempered at 706®C 
(1300®F ) 

IL 

78,260 

46,260 

32 0 

63 6 

27 0 

Normalized at 900®C 
(1660®F ) Tempered at 
720®C (1325®F) 

IM 

90 , 760 

60,600 

27 0 

67 0 

46 0 

Water quenched from 900®C 
(1660®F ) Tempered at 

675°C (1260®F) 

IN 

74,000 

48,760 

30 0 

68 6 

37 0 

Water quenqhed at 900®C 
(1660®F ) Tempered at 

720®C (1326®F) 


* Reported as yield point 
t Gage length not given, probably 2 in 


The effect of varying the annealing temperature was investi- 
gated by Oberhoffer^^®^ for four high-carbon cast steels*^ of the 
following analysis: 


Steel 

Composition, per cent ^ 

C 

Mn 

Si 

S 

P 

A 

0 46 

0 92 

0 20 

0 042 ' 

*0.041 

B 

0 63 

0 79 

0 25 

0 036 

0 027 

C 

0 69 

1 03 

0 25 

0 022 

0 021 

D 

0 86 

0 90 

0 27 

0 028 

0 016 


* Oberhoffer’s paper also included results on a low-carbon steel, annealed 
at increasing temperatures. These are given in Tables 8 and 9, pp. 56 and 
66 . 
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The manganese in specimens A, C, and D is so high that it 
would be more accurate to class these as manganese steels. 
The mechanical properties as cast and as influenced by the 


Table 20 — Mechanical Properties op Cast Steels, Containing 0.36 
TO 0.60 Per Cent Carbon 


Num- 

ber 

Tensile 
strength, 
lb per 
sq m 

Yield 
strength,* 
lb per 
sq in 

Elon- 

gation, 

per 

cent 

Gage 

length 

Reduc- 

tion 

of 

area, 

per 

cent 

Impact value 

Bnn- 

eU 

hard- 

ness 

Charpy, 

ft-lb 

m-kg 
per sq 

cm 

Fre- 

mont, 

m-kg 

lA 

84,000 

40,000 

23 9 

Not given 

32 9 



5 


B 

82,000 

50,000 

26 7 


49 9 



10 


C 

88,000 

49,000 

21 4 


28 3 



6 


2A 

79,000 

41,000 

26 2 

Not given 

35 7 



8 8 


3A 

72,000 

35,000 

16 8 

Not given 

31 4 



6 0 


B 

86,000 

51,000 

23 5 


38 7 



24 5 


C 

83,000 

43,000 

1 20 7 


29 5 



14 0 


iA 

87,000 

51,000 

17 0 

Not given 

20 5 

4 6 



182 

5A 

89,000 

52,000 

19 2 

Not given 

20 4 

3 5 




B 

88,000 

52,000 

18 2 


20 4 

5 5 



156 

6A 

77,000 

40,000 

22 0 

Not given 

25 0 



6 5 


B 

81,000 

50,000 

23 9 


37 9 



20 5 


C 

82,000 

51,000 

26 4 


44 2 



17 7 


7A 

93,000 


22 0 

2 in 

33 6 





SA 

76,000 


19 0 

t 



1 2t 



B 

88,000 


24 0 




3 6t 



9A 

83,000 

39,000 

22 6 

Not given 

27 1 



7 


B 

88,000 

52,000 

24 9 


41 9 



10 


C 

91,000 

54,000 

21 3 


29 5 



8 5 


lOA 

83,000 

42,000 

19 5 

Not given 

19 2 



5 8 


B 

84,000 

47,000 

22 5 


26 6 



5 9 


llA 

81,000 

28,000 

16 1 

1 » 6d 

15 9 


1 3 




* Reported as elastic limit 

t The tensile specimens were 13 8 mm (0 54 in ) in diameter, 100 mm (3.94 m ) long. 
The impact specimens were 30 X 30 X 160 mm , with a cylindrical notch 4 mm in diameter 
and 15 mm deep 

annealing temperatures are given in Table 22. The effect of 
increasing the annealing temperature seems to be slight, after 
the critical temperature is exceeded. 
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As the ductility of steel castings containing 0.36 to 0.60 per 
cent carbon is frequently low as cast, there is no apparent advan- 
tage in specifying this grade unless the mechanical properties 
are to be improved by heat treatment. The demand for this 
grade of castings is generally limited to applications where high 
strength and hardness or wear resistance are required, such as in 
rolls, dies, machine tools, and some classes of railroad and 
automotive equipment. 


Table 21 — Effect of Tempering on the Mechanical Properties of a 
0 38 Per Cent Cast Carbon Steel* 


Water quenched 
and tempered at 

Tensile 
strength, 
lb per 
sq in 

Yield 
strength, f 
lb per 
sq in 

Elon- 
gation 4 
per cent 

Reduc- 
tion of 
area, 
per cent 

Sclero- 

scope 

hardness 


®F. 

95' 

200 

140,000 

140,000 

0 

0 

50 

425 

800 

122,000 

118,000 

5 0 

8 0 

46 

540 

1000 

113,000 

100,000 

7 5 

12 0 

42 

650 

1200 

102,000 

82,000 

10 0 

15 0 

37 

760 ‘ 

1400 

98,000 1 

73,000 

14 0 

21 0 

33 

870 

1600 

92,000 

70,000 

19 0 

28 0 

30 


* Grotta 

t Reported as yield point 
t Gage length not given, probably 2 in 


38. High -carbon Centrifugal Castings. — Forgings for big guns 
must be made of extremely clean steel which has, consequently, 
satisfactory impact resistance on radial specimens To fulfill this 
requirement, and to reduce cost and increase production, the 
centrifugal casting of gun tubes, especially those to be slightly 
cold worked by ^^autofrettage^' (enlarging the diameter and 
decreasing the length by internal hydraulic pressure), has been 
developed at Watertown Arsenal. 

Alloy steels are normally used; there are only a few data on 
plain carbon steel. Dickson^^®^^ furnished information on one 
containing 0.40 per cent carbon, 0.70 per cent manganese, 0.26 per 
cent silicon, 0.03 per cent sulphur, and 0.024 per cent phosphorus 
After a complex heat treatment, and after cold working to an 
average bore enlargement of 6.7 per cent followed by annealing, 
the average properties were as shown on page 74. 
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39. Extra^high-carbon Cast Steels (Carbon orer 0;60 t>er 
Cent). — Information available on mechanical properties of cast 
steels containing more than 0.60 per cent carbon is limited. Two 


Table 22 — Effect of Annealing Temperatures on Mechanical 
Properties* of Four Cast Steels f 


Num- 

ber 

Car- 

bon, 

per 

cent 

Furnace cooled 
after 6 hr at 

Tensile 
strength, 
lb per 
sq in 

Yield 
strength, 
lb. per ' 
sq m 

Elonga- 
tion,! 
per cent 

Reduc- 
tion of 
area» 
per cent 

Impact 
value, 
m-kg 
per sq 

cm 

Bnnell 

hard- 

ness 

®C 

op 

A1 

0 46 

As cast 


79,200 

40,300 

3 0 

3 83 



2 


760 

1380 

84,800 

40,100 

7 07* 




3 


776 

1426 

89,600 

49,900' 

7 60 

8 73 



4 


800 

1470 

80,000 

48,200 

7 67 

8 43 



6 


860 

1660 

87,200 

47,600 

6 17 




6 


GOO 

1660 

88,800 

46,200 

7 07 

8 30 

- - , 


B1 

0 63 

As cast 


87,900 

34,800 

6 47 

4 07 

1.26 

213 

2 


700 

1290 

79,200 

34,800 

6 07 

4 60 

1 29 


3 


760 

1400 

90,700 

38,700 

11 03 

17 87 

1 40 

194 

4 


790 

1465 

98,100 

49,300 

13 97 

18 13 

2 62 

198 

6 


820 

1610 

99,300 

69,900 . 

16 93 

18 03 

3 63 

208 

6 


860 

1660 

98,700 

49,200 

14 50 

16 90 

1 76 

212 

7 


880 

1616 

96,000 

47,600 

12 45 


2 64 

209 

8 


910 

1670 

100,600 

46,800 

15 83 

20 60 


211 

9 


960 

1740 

100,300 

46,400 

13 30 

16 70 

1 42 

2l9 

10 


1000 

1830 

100,400 

1 46,200 


16 57 

1 49 

215 

Cl 

0 69 

As oast 


88,900 

62,800 

3 77 

1 33 

L,46 

246 

2 


700 

1290 

87,300 

38,600 


4 70 

1 34 

196 

3 


730 

1346 

108,100 


7 47 

7 93 

1 40 

223 

4 


760 

1400 

110,800 


6 63 

7 90 

1 26 

236 

6 


790 

1466 

109,800, 


9 63 

9 33 

1 16 

223 

6 


820 

1610 

109,700 


8 10 

7 80 

1 68 

236 

7 


1000 

1830 

106,700 

48,800 

4 93 

3 63 

1 48 

243 

Z>1 

0 86 

As cast 


71,300 

43,200 

1 40 

0 37 

1 36 

266 

2 


660 

1200 

89,900 

K wnlil 

3 23 

2 90 

K23 

241 

3 


680 

1266 

88,300 


2 70 

2 07 

1 46 

239 

4 


710 

1310 

107,500 


8 63 

6 47 


216 

6 


740 

1365 

109,200 

48,200 

4 90 

6 03 

1 33 

236 

6 


800 

1470 

1 108,000 


4 06 

3 68 

1 43 

263 

7 


1000 

1830 

116,900 


3 40 

1 80 

1 32 

271 


*^3ach value is the average of three determinations 
t Oberhoffer 

t Specimens were 200 mm (7 876 in.) long and 20 mm. (O 787 m ) in diameter. 


of Oberhoffer^s steels, properties of which are given in TabL 
contained 0.69 and- 0.86 per cent carbon respectively The 
data indicate that both of these steels are strong and brittle, 
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and that increasing the annealing temperature has little effect 
on the properties after the critical range is exceeded. The 
specimens containing 0.69 per cent carbon are somewhat more 
ductile than those containing 0.86 per cent carbon. 

The properties of a series of cast steels containing between 
0.70 and 1.95 per cent carbon were determined by Arnold. 
Tests were made on specimens as cast and as annealed for 70 hr 


Property 

Chill cast and annealed at 
960®C (1740^F.), air cooled, 
reannealed at 850°C 
(1660®F ), furnace cooled, 
water quenched from 825°C 
(1620°F ), and tempered at ' 
626°C. (1160°F.) 

Cold worked to a 
bore enlargement 
of 6.7 per cent and 
annealed at 300®C 
(670‘^F.) 

Tensile strength, lb. per 
sq in 

100,000 to 108,000 

104,000 to 116,000 

Yield strength, lb per 
sq in 

62,000 to 70,000 

88,000 to 96,000 

Elongation in 2 in., per 
cent .... 

14 to 16 

6 to 11 

Reduction of area, per 
cent , . 

25 to 56 

36 to 48 


at 960®C. (1740®F.). The results are given in Table 23. Despite 
packing the samples in lime there was considerable carbon loss in 
annealing, varying from 6 points for the 0.86 per cent carbon steel 
to 86 points for the 1.95 per cent carbon sample (see analyses 
marked B in Table 23). 

Although the values for these very high carbon steels are 
erratic, there is undeniable evidence from both Arnold^s and 
Oberhoffer^s data that the ductility of castings in this carbon 
range is extremely low and may be zero. In some specimens 
annealing improved the ductility, in others no improvement 
could be noted. Some further consideration is given to cast 
steels of this grade in the section on compressive properties. 

The possible uses of extra-high-carbon steel castings appear to 
be extremely limited, especially as their properties as cast are not 
much superior to those of a high-grade cast iron, and after heat 
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treatment their properties are decidedly inferior to those of 
heat-treated wrought steels of approximately the same analysis. 


Table 23 — Mechanical Properties op Extra-hiqh-carbon Cast 

Steels* 


Num- 

ber 

Composition, per cent 

Condi- 

tion 

Tensile 
strength, 
lb per 
sq in 

Yield 
strength, 
lb per 
sq in 

Elonga- 
tion in 

2 in , 
per cent 

Reduction 
of area, 
per cent 

C 

Mn 

Si 

S 

P 

\A 

0 70 

0 11 

0 10 

0 046 


Cast 

46,100 

41,600 

1 5 

1 8 

B 

0 72 





Annealed 

68,000 

31,200 

6 0 

5 3 

2A 

0 86 

0 06 

0 06 

0 02 

0 02 

Cast 

69,400 

69,400 

1 6 

2 1 

B 

0 80 





Annealed 

53,300 

34,700 

2 5 

4 2 

3A 

0 97 

0 06 

0 01 

0 026 

0 018 

Cast 

72,600 

49,900 

2 0 

1 8 

B 

0 83 





Annealed 

65,100 

41,600 

4 0 

1 7 

AA 

1 29 

0 10 

0 28 

0 02 

0 02 

Cast 

49,900 

49,900 

0 

0 

B 

1 10 





Annealed 

67,000 

37,100 

2 6 

3 6 

7A 

1 96 

0 Oi 

0 02 

0 016 

0 016 

Cast 

29,800 

29,800 

0 

0 

B 

1 10 





Annealed 

28,800 

28,800 

0 

0 

8A 

1 76 

0 06 

0 07 

0 020 

0 022 

Cast 

60,000 

60,000 

0 

0 

B 

1 38 





Annealed 

31,600 

26,200 

0 

0 


* Arnold 


D. TORSIONAL AND COMPRESSIVE PROPERTIES 

There are few data on the torsional and compressive properties 
of cast carbon steel. Lessells made torsion tests on a 0.33 per 
cent carbon steel, and Hatfield on a 0 25 per cent carbon steel. 
These results, and the data by Arnold on compressive properties, 
are the only ones available. 

40. Torsional Properties of Steel Castings. — Steel castings 
may be subjected in practice to torsional loads, although torsional 
properties are not included in specifications and are rarely 
mentioned in the literature. Lessells^^^’'^ reported on the tor- 
sional and other properties of cast-steel specimens m the cast, 
annealed, and normalized conditions. The analysis of the steel 
was 0.33 per cent carbon, 0.77 per cent manganese, 0.32 per cent 
silicon, 0.04 per cent phosphorus, and 0.036 per cent sulphur. 
The specimens were coupons or lugs (1^6 X 2J^ X in.) 
on large castings and, after removal from the castings, were 
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annealed or normalized at 925®C. (1700°F.). The results are 
shown in Table 24. Lessells^ data indicate that the ultimate 
strength in torsion is lower than in tension, but this relation 


Table 24 — Torsional and Other Properties op Steel Castings 
Containing 0.33 Per Cent Carbon and 0 77 Per Cent Manganese* 


Condition 

Tensile properties 

Tensile 
strength, 
lb per 
sq in 

Yield 
strength, 
lb per 
sq in 

Elastic 
limit, 
lb per 
sq in 

Elon- 
gation in 

2 in , per 
cent 

Reduc- 
tion of 
area, 
per cent 

Cast 

76,200 

33,500 

19,900 

26 0 

34 

Annealed 

79,800 

41,200 

37,100 

26 8 

39 5 

Normalized 

84,900 

45,800 

40,500 

27 6 

45 6 


Condition 

Torsional properties 

Ultimate 
stress, 
lb per 
sq m 

Yield 
point, 
lb per 
sq in 

! Elastic 
limit, 
lb per 
sq in 

Deg twist 

Cast 

60,500 

34,600 

24,500 

460 

Annealed 

59,500 

25,800 

25 , 600 

840 

Normalized 

62,600 

28,500 

24,300 

1025 


Condition 

Shock and hardness properties 

Repeated 

Blow 

Single 

blow 

Brinell 

hardness 

Cast 

676 blows 

5 8 ft-lb 

141 

Annealed 

980 blows 

13 0 ft-lb 

143 

Normalized 

2000 blows 

18 0 ft-lb 

163 


* Lessells 


did not always hold for the elastic limit and yield strength. The 
degree of twist showed a better relation to the shock properties 
than it did to the elongation and reduction of area. 
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In discussing the most suitable steels for automobile parts in 
1920, Hatfield^^®^ reported the torsional properties of well- 
annealed steel castings of 0.20 to 0 25 per cent carbon content, 
shown in Table 25. 

Table 25 — Torsional and Other Properties op Steel Castings 
Containing 0 20 to 0 25 Per Cent Carbon* 

Tensile Properties 
Tensile strength, lb per sq in 
Yield strength, lb per sq in 
Elastic limit, lb per sq in 
Elongation, per cent . . 

Reduction of area, per cent 

Torsional Properties 
Maximum stress, f lb per sq in 
Elastic limit, lb per sq m 
Angle of twist, deg 

Hardness and Impact Properties 
Brinell hardness 
Charpy impact, ft-lb 
Izod impact, ft-lb 
* Hataeld (“) 

t Given as probable value. 

From the data available it is not possible to generalize on the 
relation between the tensile and torsional properties of steel 
castings. 

41. Compressive Properties of Steel Castings. — Steel castings 
are rarely, if ever, used in engineering service where the only 
requirement is resistance to compression. There are two reasons 
for this; in the first place, there are few uses where resistance to 
compression is the only requirement, and in the second place, cast 
iron is a cheaper material and has a relatively high strength in 
simple compression* In both wrought and cast steels, it may be 
assumed that the modulus of elasticity, elastic limit, and yield 
strength are essentially the same in compression as in tension. 
The published information on the compressive properties of steel 
castings is extremely meager. Arnold^^^, in 1901, published the 
results of a series of compression tests on cast crucible steels of 
different carbon contents. His tests were made on cylinders 
0.564 in. in diameter and 2 in. in height, and he determined the 
percentage decrease in height under a load of 100 tons (224,- 
000 lb.) per sq. in. -using both cast and annealed specimens. 
Because of the erratic character of his tensile-test data (see Table 


70,400 
35,800 
31,600 
35 5 
53 4 

49,000 

20,200 

700 

127 
9 0 
19 0 
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23) no consistent relation could be found between tensile strength 
and compression in the various tests. The correlation between 
carbon content and compression is fairly good, as shown in Fig. 9. 
The percentage compression under a load of 100 tons (224,000 lb.) 
per sq. in. decreased as the carbon increased. In general, the 
annealed specimens showed a higher compression than the cast 



Fig. 9. — Compression of cast carbon steels. (ArnoW,^^)) 


specimens of the same carbon content. Cast specimens con- 
taining more than 0.70 per cent carbon fractured before the full 
load was applied, thus supporting the data given in Table 23 
in showing that extra-high-carbon steel castings are decidedly 
low in ductility. This kind of a compression test serves also as 
an approximate measure of ductility. 

E. AUTHOR’S SUMMARY 

1. In the present chapter the mechanical properties of three 
classes of cast steels have been summarized; these classes are: 
(a) low carbon, with less than 0.22 per cent carbon, (b) regular 
grade, with 0.22 to 0.36 per cent carbon, and (c) high carbon, 
with more than 0.35 per cent carbon. For the regular grade it 
was possible to include data representative of the properties of 
castings made in commercial production. 

2. Depending upon the treatment used, low-carbon castings 
have a tensile strength varying from about 46,000 to 60,000 lb. 
per sq. in. for carbon contents under 0.15 per cent, and from 
about 65,000 to 80,000 lb. per sq. in. for carbon contents of 
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0 18 to 0.21 per cent. The elongation varies from 30 to 36 per 
cent for steels of the lower carbon percentages, and from 15 to 
30 per cent for steels of 0.18 to 0.21 per cent carbon. 

3. In the regular-grade class, tensile strength ranges from 
55,000 lb. per sq. in. for cast or annealed material to over 100,- 
000 lb. per sq. in. for quenched and tempered castings. Elonga- 
tion in general varies inversely with the strength, from 10 to 
40 per cent. 

4. Typical tensile-strength values of regular-grade cast steels 
produced commercially are: 75,000 lb. per sq. in. as cast, 75,000 
lb per sq. in. as annealed, and 90,000 lb. per sq. in. as quenched 
in water and tempered just below the critical temperature 
The corresponding average elongations are 20, 30, and 25 per cent. 
Regular-grade cast steels with these representative properties 
constitute the principal tonnage of steel castings and by proper 
heat treatment can be produced to meet practically all commer- 
cial specifications. Several investigators have shown that 
quenching and tempering may be used even with fairly complex 
castings without danger of distortion 

5. Castings containing 0 36 to 0.50 per cent carbon have a 
tensile strength of 75,000 to 125,000 lb. per sq in and an elonga- 
tion of 25 to 5 per cent depending upon the heat treatment. 
The ductility of this grade as cast is low; hence, there is no 
apparent advantage in using these higher carbon steels unless 
the best combination of strength and ductility is developed by a 
suitable heat treatment. The high-carbon castings are used 
where high strength and wear resistance are desired, as in rolls, 
dies, or machine tools. 

6 A representative tensile strength of 0.40 per cent carbon 
centrifugally cast steel, annealed and quenched and tempered, 
IS 100,000 to 108,000 lb. per sq. in. with 14 to 16 per cent 
elongation. 

7. Cast steels containing more than 0.60 per cent carbon are 
extremely brittle. Annealing improves the ductility but in many 
cases not enough to make this grade of marked commercial 
importance. Results quoted in this chapter show that the 
elongation of annealed 0.70 to 1.40 per cent carbon cast steel may 
be zero and is always below 10 per cent, even after annealing. 

8 There are few data on torsional strength of cast steels; 
those that are available indicate that the ultimate strength in 
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torsion is lower than in tension. Aside from this, it is not 
possible to generalize on the relation between tensile and torsion 
properties of cast steels. Additional data on torsional properties 
are needed. 

9. To judge from the limited data on compressive properties, 
there seems to be a relation between percentage compression 
under a load of 100 tons (224,000 lb.) per sq. in. and carbon 
content, the former decreasing as the latter increases. 

10. Further improvement in the properties of steel castings 
will most likely result from better foundry practice, particu- 
larly in avoiding occasional castings of low ductility, and from 
more extensive use of suitable heat treatments. 



CHAPTER IV 


MECHANICAL PROPERTIES OF HOT-WORKED CARBON 

STEELS 

Helation between Composition and Strength of Hot-worked Steels — 
Effect of Variations in Hot-working Practice on Properties — Author's 
Summary 

About 97 per cent of all the steel made in the United States is 
cast into ingots which are then processed into various finished or 
semifinished forms by some method of hot working — mostly by 
rolling, occasionally by pressing or forging. Of this great 
tonnage only about 6 or 7 per cent can be classed as alloy steel, 
the rest being plain carbon steel containing no intentionally 
added element except carbon and manganese 

In the United States most of the carbon-steel tonnage is 
produced by the basic open-hearth process as shown by the 
following percentages for four typical years: 


Process 

Percentage of production 

1916 

1922 

1928 

1933 

Basic open-hearth 

70 1 

80 9 

85 1 

87 2 

Acid open-hearth 

3 0 

1 5 

0 9 

0 9 

Acid Bessemer 

26 4 

17 0 

13 1 

10 6 

Electnc 

0 3 

0 5 

0 9 

1 3 

Crucible 

0 2 

0 1 

Small fraction 


The increase in the production of basic open-hearth steel, 
principally at the expense of Bessemer steel, is noteworthy. 

42. Hot Working and Cold Working. — Like many of the metals 
and alloys, iron and iron-carbon alloys are malleable from below 
room temperature to the melting point, and, following the 
general rule, the malleability increases with the temperature. 
An exception to this is commercially pure ingot iron which, as is 
well known, cannot be rolled or forged in the temperature 

81 
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range 900 to 1065®C. (1650 to 1950®F.). This is discussed briefly 
in Chapter XII and also by Epstein (Volume I, page 353, of 
this monograph). There is no sharp dividing line between hot 
and cold working; some authorities attempt to place this line 
at the recrystallization or the critical temperature; most mill 
men, on the contrary, use the term cold working to denote 
mechanical treatment at or slightly above room temperature, 
and hot working for mechanical treatment at all higher tem- 
peratures. In hot rolling or forging, a large part of the tonnage 
is worked at temperatures above the lower critical, the Ai 
temperature, and is usually allowed to cool in air from the finish- 
ing temperature. There are, however, many hot-working opera- 
tions in which the finishing temperature is considerably below A i. 

Production percentages of hot-worked steel for three typical 
years are as follows: 


Finished or semifinished product 

Percentage of production 

1922 

1928 

1933 

Rails and track accessories 

11 1 

9 1 

3 7 

Plates . . . 

12 6 

10 6 

7 0 

Black plate for tinplate 

4 9 

4 8 

11 8 

Other sheet and strip 

14 2 

21 5 

30 2 

Wire rods 

9 7 

8 3 

12 2 

Structural shapes 

11 0 

11 1 

6 7 

Bars . . 

17 2 

19 0 

15 7 

Pipe, skelp, etc 

10 7 

11 9 

9 3 

Other products 

8 6 

3 8 

3 4 


The majority of the above products — rails, plates, structural 
shapes, and some others — is hot rolled into the finished sections 
and receives no treatment other than that which naturally results 
from the rolling;* for example, grain refinement in working and, 
for the smaller sections, some hardening upon air cooling if the 
carbon is high enough and if the finishing temperature is above 
ill. Other products such as bars may be hot worked further by 
rolling or forging; the resulting finished section may then be used 
without further treatment or may be heat treated in various ways. 

* A considerable tonnage of rails is now normalized or subjected to con- 
trolled cooling from the finishing temperature; or the ends are hardened. 
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Other semifinished products such as some sheet, and all wire 
rods, are worked into finished form by cold drawing or cold roll- 
ing; the finished product may or may not be heat treated depend- 
ing upon the use for which the product is designed. 

A. RELATION BETWEEN COMPOSITION AND STRENGTH OF 
HOT-WORKED STEELS 

The mechanical properties of steel as hot worked are dependent 
chiefly upon the composition, especially the percentage of carbon. 
They are also dependent, but to a less degree, upon the amount of 
reduction and the direction of working, the finishing temperature 
and the method of cooling from this temperature, and the size 
of the section. 

In considering the mechanical properties of carbon steels it 
should be realized that two steels of apparently the same chemical 
composition (as usually determined by standard methods of 
analysis) may occasionally show a considerable difference in 
properties. This has been discussed at some length in Volume I 
of this monograph (see Chapters I, XI, and XII). As the causes 
for such differences in properties are known imperfectly, if at all, 
all that can be done in this and the next two chapters is to indi- 
cate what are believed to be, within certain limits, the most 
probable or representative properties of a steel containing a given 
amount of carbon after it has been subjected to a certain mechan- 
ical or thermal treatment or a combination of the two. 

43. Effect of Carbon Content. — There are relatively few data 
on the effect of carbon content on the tensile properties of hot- 
worked commercial iron-carbon alloys. Considering that hun- 
dreds of thousands of tensile tests have been made by the steel 
works of this country on steels ranging in composition from ingot 
iron with 0.02 per cent or less carbon to forging bars and tool 
steels with 1.00 to 1.50 per cent carbon, it is unfortunate that a 
statistical analysis of these tests has not yet been made to show 
more accurately the effect of carbon than can be shown now. 
The importance of statistical analysis, the application of statis- 
tical methods to analyzing mechanical properties in Germany, 
and the lack of such application in this country have been dis- 
cussed in Chapter I. 

All of the available published reports on the effect of carbon on 
the mechanical properties of iron, with the exception of the 
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German statistical data (see page 86), are more than 10 years 
old. The data of four of these early investigators are sum- 
marized in Fig. 10. The compositions of the steels used by 
Nead^^®^ and by Langenberg^^®-^^^ are as follows: 


Composition, per cent 


c 

Mn 

P 

S 

Si 

Cr 

0 14 

0 45 

0 018 

0 035 

0 131 

Nil 

0 18 

0 56 

0 024 

0 043 

0 132 

Nil 

0 32 

0 51 

0 009 

0 027 

0 128 

Nil 

0 46 

0 40 

0 020 

0 050 

0 144 

Nil 

0 49 

0 60 

0 013 

0 028 

0 127 

Nil 

0 67 

0 65 

0 012 

0 028 

0 167 

Nil 

0 71 

0 67 

0 027 

0 035 

0 147 

Nil 

0 83 

0 55 

0 018 

0 028 

0 152 

Nil 

1 01 

0 39 

0 016 

0 029 

0 160 

Nil 

1 22 

0 34 

0 025 

0 031 

0 181 

* Nil 

1 39 

0 20 

0 015 

0 029 

0 191 

Nil 

1 46 

0 20 

0 011 

0 035 

0 133 

0 35 


The process by which these steels were made is not given; from 
the composition a guess may be hazarded that they were either 
electric or crucible melted Tensile specimens were approxi- 
mately standard: 0.5 in in diameter and of 2 in gage length, 
and were machined frgm 1-in. hot-rolled rounds. The steels 
used by Brinell, as reported by Wahlberg,^^^ and those described 
by Roberts-Austen and Gowland in the Sixth Report to the 
Alloys Research Committee^®^ were also commercial alloys and 
contained the usual impurities or addition elements found in 
carbon steels. BrmelFs steels were made by the acid open- 
hearth process, and the others, from Sheffield, were probably 
crucible steels. The tensile specimens used by Brinell had a 
diameter of 18 mm. (0.71 in ) and a gage length of 100 mm 
(3.94 in.); those used in obtaining the results given in the Alloys 
Report had a diameter of either iii- or in. and a gage 
length of 2 in There are no details of the rolling practice or 
finishing temperatures given by any of these investigators. 

There is a surprisingly good agreement between the values 
obtained by Nead and those obtained by Brinell. Tensile- 
strength values given in the Alloys Report are in line with 
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those obtained by Nead and Brinell, but values of reduction of 
area and elongation are much lower for the low-carbon steels. 

As Fig. 10 shows, tensile strength, yield strength, and Brinell 
hardness increase as the carbon content increases; the curves for 



Fig 10 — Effect of carbon content on mechanical properties of hot-worked steels. 

tensile strength and Brinell hardness are almost parallel for 
carbon percentages of 0.05 to 0.76; likewise tensile- and yield- 
strength curves are almost parallel for carbon percentages of 
1.0 to 1.5. As the carbon increases, the elongation, reduction of 
area, and Charpy impact decrease sharply. 
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A statistical analysis of mechanical properties of more than 
5000 commercial heats of carbon steel containing between 0.1 
and 0.6 per cent carbon has been made by Daeves and others in 
Germany; a summary of part of the results has been reported 
in the Werkstoff-Handbuch Stahl und Eisen.'^^^^®> These are 
given in Table 26, which also gives the corresponding values 
taken from the curves of Fig. 10. Considering the difference in 


Table 26. — Comparison op Mechanical Properties of Carbon Steels 
AS Correlated in Fig. 10 with Results op German Statistical 

Analyses 


Carbon, 
per cent 

Tensile strength, 
lb per sq in 

Yield strength, 
lb per sq in * 

Elongation, 
per cent 

Reduction of 
area, per cent 

From 

Fig 

10 

German 

statistical 

analyses 

From 

Fig 

10 

German 

statistical 

analyses 

From 

Fig 

lot * 

German 
statistical 
analyses t 

From 

Fig 

10 

German 

statistical 

analyses 

0 1 

49,000 

52,000 

30,000 

38,000 

37 

29 

73 

66 

0 2 

61,000 

64,000 

38,000 

44,600 

32 5 

24 

61 

59 

0 3 

73,000 

75,500 

46,000 

61,000 

28 

19 

60 

63 

0 4 

86,000 

87,500 

62,000 


24 

17 

41 

44 

0 6 

97,000 

99,600 

58,000 


20 

16 

33 

34 

0 6 

109,000 

111,000 

62,000 


16 

13 

26 

24 


♦ Values m Fig 10 mostly reported as yield point, German values as Streckgrenze 
t Mostly on a gage length of 2 in 
$ On a gage length of 100 mm (3 94 in ) 


gage length, and assuming that Fig. 10 shows with reasonable 
accuracy the effect of carbon, it may be concluded that carbon 
steels as made in Germany have approximately the same elonga- 
tion and reduction of area and the same, or slightly higher, tensile 
strength as the steels made in this country and in England. The 
yield strength of the German steels, however, is higher.* Data 
on the effect of carbon contents between 0.02 and 0 30 per cent 
on the tensile and yield strengths of hot-rolled strip of five dif- 
ferent gages are given on page 106, 

* Assuming that the results of the German statistical analyses represent 
true average mechanical properties of commercial carbon steels, it may, of 
course, be concluded with equal validity that the yield strengths of the 
steels whose properties are plotted in Fig. 10 were incorrectly determined or 
at least do not correspond approximately to the “Streckgrenze “ 
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44. Formulas for Calculating Tensile Strength of Carbon 
Steels. — In the period between 1892 and 1922 much time and 
effort were spent in attempting to work out a formula for calculat- 
ing tensile strength from composition. The work of Camp- 
bell(io 42 ) and Webster/®®'i®^> in the United States, and of 



Fig 11 — Effect of carbon content on the tensile strength of acid steel. 
{Campbell 

McWilliam,^'^®^ in England, is well known and should have brief 
mention. 

Campbell determined tensile properties of a large number of 
acid and basic open-hearth steels of varying carbon content. 
The tensile strengths are plotted as solid lines in Figs. 11 and 12. 
In order to determine the effect of carbon it was necessary to 
correct for manganese and phosphorus. In doing this Campbell 
arrived at a correction of 1000 lb. per sq. in. for each 0.01 per 
cent phosphorus, and a variable unit correction for manganese 
which for acid steel ranged from 160 to 9600 lb. per sq. in., and 




88 


THE ALLOYS OF IRON AND CARBON 


for basic steel from 500 to 7500 lb. per sq. in. depending upon the 
carbon and manganese percentages. 

In Figs. 11 and 12 the dotted and dashed lines show the 
tensile strengths versus carbon percentages after these corrections. 
Each 0.01 per cent carbon was found to increase the tensile 



Carbon, per cen+ 

Fig 12. — Effect of carbon content on the tensile strength of basic steel 
{Camphdl <i®)) 

strength 1000 lb. per sq. in. for acid steel, and 770 lb. per sq. in. 
for basic steel. The formulas thus became: 

For acid steel : 

Tensile strength = 40,000 + lOOOC + lOOOP + xMn 
For basic steel: 

Tensile strength = 41,500 + 770C + lOOOP + yUn 

in which the values 40,000 and 41,500 were taken as the tensile 
strength of carbon-free acid and basic irons. The carbon, phos- 
phorus, and manganese are in units of 0.01 per cent; x and y are 
variables depending upon the carbon and manganese percentages, 
as noted above, and are given by Campbell in tables. 
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Another formula was worked out by Webster<®®»^®®^ from the 
data plotted in Figs. 13 and 14. The gap between the curves 
for the 0.55 and 0.60 per cent carbon steels (Fig. 13) was ascribed 
to the presence of more silicon in the higher carbon material. 
The value for the increase in tensile strength for each 0.01 per 



Fig. 13 — Effect of carbon and manganese on the tensile strength of acid Besse- 
mer steel {Webster 


cent carbon was found to be 800 lb. per sq. in. Webster accepted 
38,000 lb. per sq in. as the tensile strength of carbon-free iron 
and gave the formula 

Tensile strength = 38,000 + 800C + a;P + yMn 

in which x varies from 800 to 1500 lb. per sq. in. depending upon 
the carbon. The correction for manganese {y) also varies accord- 
ing to the carbon. 
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In England, McWilliam used the formula 

Tensile strength = 38,000 + 800C + lOOMn + lOOOP 
but found it valid only in a carbon range of 0.20 to 0.26 per cent. 



Fig 14. — Effect of carbon and manganese on the tensile strength of basic open- 
hearth steel {Webster 

He then worked out a more complex formula 

Tensile strength = 38,000 + C[800 + 4(C - 20)] + 

Mn[100 + 2(C - 20)] + lOOOP + 120Si 

which, according to Nead,* gives satisfactory results on steels of 
about 1-in. section if the mjginganese is not more than 1 per cent. 
Nead recommended that to the value obtained by McWilliam's 
* Private communication. 




PROPERTIES OF HOT-WORKED STEELS 91 

formula 1000 lb. per sq. in. be added for each in. on sections 
lighter than K in. 

In the recent publication of the Bethlehem Steel Company, 
three formulas for calculating the tensile strength of carbon steels 
are given. These are: 

Tensile strength = 38,800 + 650C + 90Mn + 4MnC + lOOOP 
Tensile strength = 37,430 + 950C + 85Mn + 1050P 
Tensile strength = 38,800 + (650 + 4Mn)C + 90Mn + lOOOP 

In all of these formulas, the values for carbon, manganese, and 
phosphorus to be inserted are the percentages in which the 
decimal point has been moved two places to the right (thus 
0.30 per cent carbon becomes 30C and 0.04 per cent phosphorus 
becomes 4P). 

Campbell as early as 1905 showed conclusively that, while he 
could calculate accurately the tensile strength of most rolled 
carbon steels (of less than 0.50 per cent carbon) from the com- 
position, instances would crop up where the discrepancy between 
the calculated and actual strengths was as much as 6000 lb. per 
sq in., and errors of 1000 to 2000 lb. per sq. in. were fairly 
common. Despite this, the attempts to work out an accurate 
correlation between composition and strength persisted until 
1923. 

Notwithstanding the apparent impossibility of devising an 
absolute relationship which will hold for all low- and medium- 
carbon steels, empirical formulas such as the McWilliam or 
Bethlehem Steel Company formulas given above are still used 
successfully in many tonnage mills and are entirely satisfactory 
where years of standardized mill practice have resulted in at 
least partly eliminating the effect of such factors as widely 
varying manganese and phosphorus contents, finishing tempera- 
tures of rolling, cleanliness, and others. 

If all other conditions are equal, there is probably a fairly 
straight-line relationship between carbon, from 0.05 to 0.60 per 
cent, and tensile strength and hardness, in which each 0.01 per 
cent carbon increases the tensile strength about 1000 lb. per sq. in. 
and the Brinell number by 2. 

45. Variation of Ductility with Strength. — In order to deter- 
mine the relationship between ductility and tensile strength of 
commercial carbon steels Daeves^^®^^ made a statistical study of 
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data obtained from the laboratory reports of several German 
steel mills and data published in Sweden. The test results used 
were for steels rolled to various sections, and should be typical 
of the materials produced by large-scale methods. For each 
value of tensile strength two frequency curves were plotted, one 


TcfiSile strength, thousand lb persq in 



« Tensile strength^ kg per sq mm 

Fig 15 — Most-probable tensile properties of hot-rolled carbon steels made by 
various processes. {Dacves 

for elongation — in 100 mm. (3.94 in.) — and the other for reduc- 
tion of area. Most-probable values of elongation and reduction 
of area as obtained from these frequency curves are shown in 
Fig. 16. Each point plotted in Fig. 15 represents from 50,000 
to over 100,000 values. The most probable carbon content for a 
given tensile strength is also shown in the figure. 

According to Daeves^ statistical analyses, steel made by the 
basic Bessemer process has a slightly higher ductility for a given 
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tensile strength than steel made by the basic open-hearth process. 
The few values for steels made by the acid open-hearth process 
fall on the tensile-strength versus elongation curve for basic 
open-hearth steels. 

One outstanding difference between Bessemer steels and basic 
open-hearth steels is the phosphorus content, the Bessemer steels 
usually cofitaining more phosphorus. Bessemer steels also 
contain more nitrogen than open-hearth steels, which, like 
phosphorus, affects the properties. Data plotted in Fig. 16 
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Fig 16 — Tensile properties of hot-rolled basic Bessemer and basic open- 
hearth steels containing different amounts of phosphorus The numerals at 
the plotting points indicate the number of determinations for the frequency 
curves (Daeves 


indicate that for the same phosphorus content basic Bessemer 
steels have higher values of tensile strength, elongation, and 
reduction of area than basic open-hearth steels 

Figure 17, also from Daeves, shows maximum and minimum as 
well as most probable values of elongation for basic open-hearth 
steels. The difference between maximum and minimum values 
may seem large unless it is realized that values were obtained 
from materials of various cross-sections and produced at different 
mills. 

B. EFFECT OF VARIATIONS IN HOT-WORKING PRACTICE ON 

PROPERTIES 

In general, the mechanical properties of carbon steel are 
improved by hot working. This improvement may be wholly 
due to the specific leffects of plastic deformation, or it may be 
due to a combination of deformation and coincident heat treat- 
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ment which the material may undergo if the finishing temperature 
is above the critical, if the carbon is high enough, and if the sec- 
tion is relatively small 

46. Influence of the Direction of Hot Working on Properties. — 

One of the chief advantages of hot working is that it breaks up 
the coarse cast structure. In addition it causes fibering by 
elongating the dendrites in the direction of working. Inclusions 


Tensile strength , thousand Ib. per sq. in 
50 70 90 110 



Fig 17 — ^Most probable (solid line) and extreme (dashed lines) values for 
elongation of hot-rolled basic open-hearth steels of different tensile strength 
(Daevea 

which are plastic at rolling and forging temperatures — many of 
them are — are also elongated into fibers. The elongation of 
grains and inclusions tends to improve the mechanical properties 
when the material is subjected to stresses acting longitudinally 
(in the direction of working) and also results in inferior properties, 
especially in values for elongation, reduction of area, and impact 
resistance, in specimens cut transversely (^'across the grain, at 
right angles to the direction of working). 

Even in carbon steels rnffelted and refined by the best present- 
day practice there is usually a slight but appreciable difference 
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in ductility between longituuma.! and transverse specimens. 
This difference is so accentuated by inclusions which are elon- 
gated in rolling that it is not uncommon for the impact value of 



Positions of duplicate 
test pieces 

Impact fractures 


-1^ -1^ j£l- jS- -(Sk0. 


Tensile fractures ^ -^,0- 

Fig. 18 — Relation between the mechanical properties and the angle of inclination 
of the fibers to the axis of the test piece {Attckt8on(^^*> after Brearley ) 


a relatively dirty steel to be 40 ft-Ib. in a longitudinal specimen 
and less than 6 ft-lb. in a specimen cut transversely to the 
direction of working. Sheet and plate, which are cross-rolled, do 
not show such great directional (hfferences in properties as bars, 
rails, structural shapes, or other sections which are eloi^ated in 
one direction only. 
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The effect of inclusions, in intensifying differences in longi- 
tudinal and transverse mechanical properties, has been discussed 
briefly in Volume I of this monograph (see page 362) from which 
Fig. 18 has been reproduced. Brearley’s tests, quoted by Aitchi- 
son,^®^^ were made on an alloy steel, but the behavior is general, 
as will be shown by further examples on carbon steel given below. 
As shown in Fig. 18, tensile and yield strengths are unaffected 
by the angle of inclination of the fiber, while the properties 
representing ductility — elongation, reduction of area, and impact 
resistance — are sharply reduced to a minimum at right angles 
to the direction of rolling. 

Charpy^^®^ studied the effect of hot working on a basic open- 
hearth steel, presumably of forging quality, by tests on specimens 
taken longitudinally and transversely. The ingot used was 
355 mm. (14 in.) square; one portion was forged until the 
reduction was 59 8 per cent, and another until reduction was 
87 6 per cent Specimens from the onginal ingot and from the 
forged sections were quenched in water from 850°C. (1560°F.) 
and tempered at 650®C. (1200°F ) apparently so that all tests 
would be made on material of the same structural condition so 
far as possible. The results obtained are as follows: 


1 

Reduction 
in hot work- 
ing, per cent 

Tensile 
strength, 
lb. per sq in 

Elongation, 
per cent* 

Reduction of 
area, per cent 

Charpy im- 
pact value, 
m-kg 

Longitudinal 

0 

101,500 

16 

33 

3 3 

59 8 

99,700 

18 

33 

3 5 

87 6 

103,500 

23 

60 7 

9 1 

Transverse 

0 

102,000 

14 

22 

3 4 

59 8 

100,800 

11 

27 

2 0 

87 6 

98,800 

4 

8 

1 5 


♦ Gage length not given 


As Stead and Brearley brought out in discussing Charpy^s 
paper, mere fibering by elongation of the dendrites would not 
nroduce such Door transverse Drooerties. so that the steel must 
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have contained a large number of slag inclusions. If, as claimed 
by Brearley, the ratio of the impact values for longitudinal and 
transverse tests is a measure of the comparative freedom from 
slag, Charpy^s steel must have been rather dirty. 

Data on transverse and longitudinal properties which are 
probably more representative of the directional differences in 
commercial carbon steel were reported by The tests 

were cut from the flange and web sections of large I-beams, rolled 
from basic Bessemer steel of the following composition: 


Steel 

Composition, per cent 

C 

Mn 

r 

s 

Si 

A 

0 05 

0 64 

0 05 

0 05 

0 01 

B 

0 07 

0 64 

0 045 

0 04 

0 00 

C 

0 15 

1 03 

0 06 

1 0 05 

0 01 


Results are given in Table 27 The elongation and reduction 
of area of the transverse specimens are appreciably lower than 
the same values of the longitudinal tests but not nearly so low 
as Charpy^s values (see page 96). The impact resistance of the 
specimens having a notch parallel to the rolling direction 
(transverse) is less than half that of the longitudinal specimens. 
The strength of the flange in both directions is less than that 
of the web. This may be attributed to two factors. First, in 
rolling I-beams, the web contains the metal from the center and 
most strongly segregated part of the ingot, hence strength would 
be higher and ductility lower than those of the less segregated 
flange. Second, and probably not so important, the flange is 
thicker than the web. 

The difference in ductility in longitudinal and transverse 
specimens is also apparent in plates which are rolled directly 
from the slab. This has been concisely summarized by Camp 
and Francis^^^°^ who atated: 

If a slab be rolled in one direction only and a longitudinal and trans- 
verse test piece be cut from the resulting plate, little difference in tensile 
strength will be observed in pulling the two tests but a marked difference 
in ductility will be found Thus the longitudinal piece will give 4 to 
7 per cent greater elongation than the transverse piece, and 10 to 16 per 
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cent greater reduction in area. This difference is to be attributed to the 
fiber structure produced by the one-way rolling, for it is not noticeable 
in cross-rolled plates. 

Differences in the ductility between longitudinal and transverse 
specimens are reduced to a minimum and sometimes completely 
eliminated in the manufacture of carbon- and alloy-steel forgings 
for ordnance guns, shells, and the like. As stresses in such sec- 
tions are chiefly transverse, specifications require that superior 


Table 27. — Longitudinal and Transverse Properties of Heavy 

I-BEAMS* 



Car- 



Tensile 

1 

Yield 

Elongation | 

Reduc- 
tion of 

area, 

per 

cent 

Gharpy 
impact, 
m-kg 
per sq 

cm 

Brmell 

hard- 

ness 

Steel 

bon, 

per 

cent 

Loca- 

tion 

Direc- 
tion t 

strength, 
lb per 
sq in 

strength, 
lb per 
sq in 

i»6d, 

per 

cent 

/=10d, 

per 

cent 

A 

0 06 

Flange 

L 

64,600 

33,100 

36 0 

28 0 

72 

17 2 

108 



Flange 

T 

67,200 

36,800 

27 6 

22 7 

47 

7 6 




Web 

L 

69,900 

44,400 

26 8 

20 6 

69 

16 6 

122 



Web 

T 

63,900 

49,200 

26 0 

19 7 

36 

6 8 


B 

0 07 

Flange 

L 

63,800 

87,600 

34 0 

26 0 

72 

18 0 

113 



Flange 

T 

64,600 

33,600 

31 0 

26 2 

66 

7 2 




Web 

L 

68,300 

44,200 

26 6 

18 9 

67 

17 4 

132 



Web 

T 

61 . 300 

61,300 

22 4 

18 1 

33 

4 6 


C 

0 16 

Flange 

L 

74,600 

43,000 

36 7 

27 3 

73 

18 1 

137 



Flange 

T 

72,400 

38,100 

16 3 

12 6 

21 

6 6 




Web 

L 

76,700 

63,900 

29 7 

22 6 

67 

14 4 

164 



Web 

T 

77,800 

55,900 

20 0 

16 7 

36 

4 0 



* Roe (^ 06 ) 

t L *• longitudinal , T =» transverse. 


transverse properties shall be attained. This is accomplished by 
very clean steel, careful forging, and a complex heat treatment 
which tends to destroy completely any vestige of fiber. 

47. Effect of Hot-working Temperature on Properties. — 
Freeman and Derry^^^^^ studied the influence of the following 
five factors on the mechanical properties of hot-rolled plate; 
initial temperature of rolling, finishing temperature, total reduc- 
tion, reduction per pass, and rolling speed. The work was done 
with a steel containing 0.§ per cent carbon, on the 16-in. mill at 
the National Bureau of Standards. The results indicated that 
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total reduction and finishing temperature had the greatest influ- 
ence on the properties of the hot-rolled plate. Normalizing 
tended to obliterate any differences resulting from variations in 
rolling conditions. 

A study reported by Oberhoffer, Lauber, and Hammeb^^ is of 
interest in showing the effect of hot-working temperature and 
variations in cooling after forging on the properties of low-, 
medium-, and high-carbon steels. The compositions of the 
steels used were : 


1 

Steel 

Composition, per cent 

C 

Mn 

Si 

P 

S 

A 

0 10 

0 40 

0 02 

0 012 

0 024 

B 

0 40 

0 70 

0 09 

0 014 

0 031 

C j 

0 77 

1 28 

0 21 

0 030 

0 029 


Blocks 50 X 50 X 140 mm. (1.97 X 1.97 X 5.5 in.) were 
cut from sound ingots and forged to sections 25 X 25 mm. 
(0.98 X 0.98 in.) in cross-section, which represents a reduction 
in cross-sectional area of 75 per cent. Mechanical properties 
of the bars are shown in Fig. 19, which gives the temperatures 
at the beginning and end of the forging operation. The elonga- 
tion was measured over a gage length of 100 mm. (3.94 in.) 
Impact tests were made on 10 X 30 X 160-mm. (0.39 X 1.18 X 
6.3-in.) specimens. Curves labeled 1 are for samples cooled 
slowly after forging and those labeled 2 are for samples cooled in 
air. Curves labeled 3 indicate the properties of samples annealed 
after forging; the annealing temperatures were 900®C. (1650®F.) 
for steel A, 850®C. (1560®F.) for steel B, and 700°C. (1290®F.) 
for steel C. 

According to the data shown in Fig. 19, the properties of the 
0.77 per cent carbon steel were affected very little by var3dng the 
hot-working temperature. Decreasing the forging temperature 
increased the yield strength and impact resistance but not the 
tensile strength or hardness of the 0.40 per cent carbon steel. 
Elongation and reduction of area were but slightly affected. 
The tensile and yield strengths, elongation, and Brinell hard- 
ness of samples Al and A 2 of the low-carbon steel were affected 
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by changes in forging temperature; on the contrary the annealed 
specimen Ai was unaffected. The lack of uniformity in the 
curves shown in Fig. 19 makes it impossible to generalize upon 

Kla+enal A Material B Material C 

Temperatures at be9innin9and end of fbrgmg operations, deg F. 

2460 2280 2100 1920 1740 1560 2460 2280 2100 1920 1740 1560 2460 2280 2100 1920 1740 1560 
2104 2023 1854 1699 1526 1461 2017 1841 1666 1607 1481 1369 2062 1927 1828 1675 1558 1454 
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Fig. 19. — Effect of forging temperatures on the mechanical properties of low-, 
medium-, and high-carbon steels {Oberhoffer, Lauber, and Hammel <<®)) 

the effect of hot-working temperature on carbon steel of varying 
carbon content. 

In some tests undertaken to determine the influence of rolling 
temperature on the properties of rails, Stumper^^^®^ rolled basic 
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Bessemer rails containing 0.40 per cent carbon and 1 per cent 
manganese. Finishing temperatures of from 950 to 1150®C 
(1740 to 2100®F.) were used. As the finishing temperature was 
raised, tensile strength and elongation decreased, but Bripell 
hardness was almost independent of rolling temperature, aver- 
ages for the whole rail section ranging from 211 to 217. Notched- 
bar impact resistance at 25®C. (75®F.) increased as lower finishing 
temperatures were used. Average properties of the rails are 
given in Table 28. 


Table 28 — Properties of Rails (0 40 Per Cent Carbon) Rolled at 
Different Temperatures* 


Finishing 

temperature 


lb 


Tensile 
strength, 
persq in 


lb 


°C 


op 


Yield 
strength, 
persq in 


Elongation 
in 200 mm 
(8 in ), 
per cent 


Charpy impact 
value, t m-kg per 
sq cm 


(a) 


ib) 


Head of rail 


950 

1740 

103,800 

59,500 

15 0 

0 73 

1 29 

1050 

1920 

103,800 

56,800 

14 8 

0 85 

1 14 

1150 

2100 

101,000 

55,300 

14 6 

0 74 

0 78 


Web of rail 


950 

1740 

102,300 

62,600 

15 3 


1050 

1920 

101,100 

58,700 

14 9 

0 59 

1150 

2100 

99,100 

59,000 

15 2 

0 46 


Base of rail 


950 

1740 

102,700 

64,700 

17 5 

0 73 

1 83 

1050 

1920 

106,200 

67,000 

16 0 

0 81 

1 03 

1150 

2100 

99,300 

60,600 

16 5 

0 68 

0 95 


♦ Stumper (348) 

1 10 X 10 X 60-mm (04 X 04 X 2 4-m.) samples with notch 5 mm (02 in ) deep, 
(a) Tests at 0®C. (32°F ) , (6) tests at 2fi«C (76®F ) 


48. Influence of Hot-working Temperatures on Propertie| of 
Low-carbon Strip. — A comprehensive investigation on the effect 
of mill practice and annealing temperatures, to provide data on 
processing continuous-mill sheets, has recently been completed by 
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Nead, Mahlie, and Dittrich.* Although most of these data 
are on the effect of cold rolling and subsequent annealing and are, 
therefore, discussed in the next chapter, there are a few mechan- 
ical-property values which show the effect of finishing tempera- 
tures on the rolled and on the rolled and annealed or normalized 
strips. 

The steel was a low-carbon basic open-hearth material, Inland 
Steel Company specification No. 5, for deep-drawing sheet. The 
average analysis, and the minimum and maximum, of all the 
strip tested was as follows: 


Element 

Percentage 

Average 

Minimum 

Maximum 

Carbon 

0 045 

0 03 

0 06 

Manganese 

0 37 

0 36 

0 39 

Sulphur 

0 023 

0 018 

0 028 

Phosphorus 

0 008 

0 007 

0 010 


The material tested was in the form of hot-rolled 0.080-in. 
bands. Sheets, 60 in. long, were cut from the various bands, 
tested for uniformity of gage, pickled, and box annealed. The 
annealing temperatures reported were actual sheet temperatures. 
The annealing charge consisted of 60 sheets and was heated for 
6 hr. to the annealing temperature, held 4 hr. at temperature, 
and cooled in 8 hr. Tensile, Olsen ductility, and metallographic 
specimens were taken longitudinally at the edge and center of the 
sheet and transversely at the center. Mechanical tests included 
tensile strength, 3 deld strength (reported as yield point), yield 
ratio, elongation in 2 in., and Rockwell B hardness. Finishing 
temperatures were 730, 790, and 880®C. (1345, 1450, and 1615®F.) 
for flat bands and 790®C. (1460®F.) for coiled bands. Results 
of tensile tests taken longitudinally and transversely at the 
center are given in Table 29. 

Postponing the principal conclusions of Nead and his associates 
coijcerning the effect of hot-working temperatures on the proper- 

*The complete results of this unpublished investigation were made 
available for inclusion in this monograph through the courtesy of Wilfred 
Sykes, Vice-President of the Inland Steel Company. 





Table 29 — Effect of Finishing Temperatures on the Tensile Properties of 0 08-in Low-carbon Hot-rolled Strip 
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* Nead and associates, 
t Normalised only 

t Normalised and box annealed at 650*’C (1200^F ) 
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ties of the cold-rolled and annealed sheet, the following may be 
-concluded from the data given in Table 29: 

1 Rolling stnp with a finishing temperature of 730°C ( 1 345° F ) produces 
gram distortion with higher tensile and yield strengths and a lower elonga- 
tion than result from a higher finishing temperature Even after annealing, 
the elongation is generally lower 

2. Strip flat rolled with a finishing temperature of 790°C (1460°F ) has 
slightly lower tensile and yield strengths and markedly higher elongation 
values than strip flat rolled with a finishing temperature of 880°C (1616°F ) 
After annealing or normalizing, tensile and yield strengths of the 790°C 
(1450°F ) stnp are still slightly lower than those of the 880°C (1616°F ) 
stnp, but the elongation values are about the same 

3 In general, coiling decreases the tensile and yield strengths of unan- 
nealed strip The yield ratio is markedly decreased 

4 In most cases, the tensile and yield strengths of the transverse speci- 
mens are slightly higher than the same properties of the corresponding longi- 
tudinal specimens This is not so evident with the specimens rolled with a 
finishing temperature of 880°C (1615°F ) as with those finished colder 

5 For all finishing temperatures the combination of highest strength and 
highest ductility results from subsequent normalizing or normalizing fol- 
lowed by annealing 

6 As a general average of all tests made on the hot-rolled (not annealed) 
specimens, Nead and his associates gave the following values for tensile 
strength and yield ratio 


Finishing temperature 

Condition 

Tensile 
strength, lb 
per sq m 

Yield latio, 
per cent 

°C 

°F. 

730 

1345 

Flat 

55,200 

80 4 

790 

1450 

Flat 

50,000 

76 6 

790 

1450 

Coiled 

48,200 

70 8 

880 

1615 

Flat 

54,000 

72 4 


49. Effect of the Amount of Reduction on Tensile Properties. — 

If other things are equal, the greater the reduction in hot working, 
the higher are the tensile and yield strengths. The effect of the 
amount of reduction on the tensile strength of hot-rolled commer- 
cial Bessemer and basic open-hearth rods is shown on page 105.* 
Two steels, in the form of 4-in. sq. billets, containing approxi- 
mately 0.08 per cent carbon and 0.35 to 0.45 per cent manganese 
were rolled on a continuous mill to the diameters shown. 

* Sisco, unoublished data 
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The tensile-strength values of the hot-rolled rods (all of which 
were finished above the critical temperature) were as follows: 


Basic open-hearth steel 

Bessemer steel 

Diameter of 

Tensile strength, 

Diameter of 

Tensile strength. 

rod, in 

lb per sq in 

rod, in 

lb per sq m. 

0 594 

48,300 

0 938 

69,000 

0 469 

60,400 

0 689 

60,500 

0 406 

62,000 

0 500 

63,100 

0 312 

53,800 

0 313 

66,000 

0 228 

57,800 

0 250 

69,400 



0 207 

71,900 


Nead* supplied the data, obtained in a large number of tests, 
plotted in Fig. 20, which shows the tensile and yield strengths of 
hot-rolled strip of five gages and carbon contents varying from 
0.02 to 0.30 per cent. The manganese range of all of the steels 
was 0.35 to 0.55 per cent. Finishing temperatures for the various 
gages were as follows: 


Gage 

Finishing temperature 

Number 

in 

"C 

»F. 

3 

0 260 

905 

1666 

5 

0 219 

900 

1655 

9 

0 166 

865 

1570 

12 

0 109 

860 

1660 

16 

0 070 

800 

1470 


The effect of the amount of reduction on the tensile and yield 
strengths varies (for the specific finishing temperatures given 
above) with the carbon content; the increase in both of these 
values is greater as the carbon content increases. 

The most that can be said for the data presented on the 
preceding pages is that the reproducibility of the values reported 
by the various investigators on the effect of hot-working practice 
on properties depends almost wholly upon reproducing exactly 


♦ Private communication. 
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every variable. None of the quoted investigators apparently 
considered the location of the transformation temperature in 



Fiq. 20 — Effect of carbon content and amount of reduction in hot rollmg on the 
tensile and yield strengths of strip {Nead ) 

his materials. That this is important is apparent from the 
following comment by John Johnston:* 

It is certain that the properties of the finished material depend to a 
considerable extent on the temperature at which the transformation 
[gamma to alpha] actually took place; consequently the influence of 
finishing temperature, in itself, could be discovered only by ensuring 
that the transformation should go in all cases at the same temperature. 

* Private communication. 
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Otherwise with difference in finishing temperature there is sure to be 
some difference in transformation temperature on a given cooling bed, 
and also some difference with different cooling beds and with different 
sizes of finished material; consequently there will be differences due 
directly to differences in the actual transformation temperature of the 
steel. Until this is taken into account, observed differences with differ- 
ent rolling or finishing temperatures are of little real significance. 

C. AUTHOR’S SUMMARY 

1. There are relatively few data on the mechanical properties 
of hot-worked steels of varying carbon content. Statistical 
analyses of mechanical properties have been made in Germany 
but not in the United States. The application of this analytical 
method to the thousands of results on file in the works^ labora- 
tories of this country is urgently needed 

2. From results which are available for carbon steels of com- 
mercial composition, containing 0.10 to 0.60 per cent carbon, it 
may be concluded that 0 01 per cent carbon increases the tensile 
strength 800 to 1200 lb. per sq. in., the yield strength 600 to 
800 lb. per sq. in., and the Brinell hardness about two units. 
The exact increase in tensile and yield strengths caused by 
carbon depends upon a number of factors including the total 
percentage of carbon, manganese, and phosphorus, and upon 
the melting and forging or rolling practice. 

3. Formulas have been worked out for calculating the tensile 
strength of hot-worked carbon steels from the composition. 
Although these are not dependable if absolute accuracy is 
required, they have considerable value in mills where practice is 
standardized and where, consequently, some of the variations 
in strength owing to factors other than composition are not 
present, or are of little influence. 

4. According to German statistical analysis, basic Bessemer 
steels have slightly higher ductility for a given tensile strength 
than basic open-hearth material. Acid-process steels apparently 
differ but little in static tensile properties from basic open-hearth 
steels. These results need further confirmation. 

5. The direction of hot working affects the tensile properties. 
Specimens cut longitudinally to the direction of hot working will, 
in general, show a higher elongation, reduction of area, and 
impact resistance than transverse specimens. Tensile strength 
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is about the same. The difference in directional properties, 
present apparently even in very clean hot-worked steels, is 
accentuated by inclusions which are plastic at hot-working 
temperatures and are thus elongated into fibers by the mechanical 
work. 

6. There are too few data available to permit broad generaliza- 
tions on the effect of beginning or finishing temperatures in hot 
working on the tensile properties. The results of one investiga- 
tion indicate that, under the specific experimental conditions 
\ised, decreasing the forging temperature of a 0 40 per cent 
carbon steel increases the yield strength and impact resistance 
but has little or no effect on the tensile strength and hardness; 
it has only a slight effect on elongation and reduction of area. 
Varying the forging temperature of a 0.77 per cent carbon steel 
has, according to the reported results, an almost negligible effect 
on all the mechanical properties. The results of this same 
investigation on low-carbon steel showed no uniform trend 
The data reported by another investigator indicate that in 
0.40 per cent carbon basic Bessemer rails increasing the finish- 
ing temperature decreases the tensile strength and elonga- 
tion slightly. The impact resistance at 25°C (75°r.) is also 
decreased. 

7 According to the results of an unpublished investigation by 
Nead and associates, rolling low-carbon strip steel (0.05 per cent 
carbon) with a finishing temperature of 730°C. (1345°F.) pro- 
duces grain distortion with a resulting higher tensile strength, 
a higher yield strength, and a lower elongation than when finish- 
ing at higher temperatures This lower elongation persists after 
annealing. Flat-rolled strip, finished at 790°C. (1450°F.), has 
slightly lower tensile and yield strengths and a markedly higher 
elongation than strip finished at 880°C. (1615°F.). Coiling 
strip rolled with a finishing temperature of 790°C. (1450°F.) 
decreases the tensile and yield strengths slightly and the yield 
ratio markedly. Strip rolled with a finishing temperature of 
790°C. (1450°F.) or lower has slightly higher tensile and yield 
strengths in transverse specimens than in longitudinal specimens 
Elongation values are mostly unaffected by the direction of the 
specimen. 

8. If other things are equal, the greater the reduction in hot 
working, the higher are the tensile and yield strengths. Data are 
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presented which iiidi(*ato that, for low-carbon strip, finished at 
certain stated temperatures, the increase in tensile and yield 
strengths varies with the carbon, increasing as the percentage of 
carbon increases. 

9. The foregoing conclusions on the effect of variations in hot- 
working practice on mechanical properties should be considered 
as valid only for the data presented, and not as generalized 
statements on the effect of hot working. The properties of a 
piece of rolled or forged carbon steel, after the steel has cooled to 
atmospheric temperature, depend upon a large number of 
variables, any of which may have a marked effect. In none of 
the few published data have all of these variables been controlled 
or even considered by the investigator. The only fact, estab- 
lished without possibility of contradiction, is that, in steel con- 
taining the usual amount of other elements, hot worked at the 
usual temperatures, an increase m carbon content is accompanied 
by an increase in tensile strength, yield strength, and hardness 
and by a decrease in elongation, reduction of area, and impact 
resistance Except for this one fact, nothing is known with 
exactness, the determination of the effect of all the variables 
in the manufacture and hot working of carbon steels is a wide- 
open field for research 



CHAPTER V 


MECHANICAL PROPERTIES OF COLD-WORKED 
CARBON STEELS 

Effect of Cold Working on Mechanical Properties — Properties of 
Cold-worked Steels of Varying Carbon Content — Effect of Prior Hot 
Worlang and Heat Treatment — Effect of Aging and Subsequent Heat 
Treatment — Author's Summary 

Iron and steel, like other malleable metals and alloys whose 
recrystallization temperature occurs considerably above room 
temperature, can be hardened by cold work. Commercial iron- 
3arbon alloys, ranging from the very low carbon grades to those 
3ontaining as much as 1.5 per cent carbon, are cold rolled or cold 
drawn into sheet, strip, tubes, and wire of a variety of shapes 
ind sizes. Cold working has two outstanding advantages: 
first and most important, certain sizes and shapes can be produced 
nore readily by this means than by any other method; and 
second, properties can be attained by cold working which are 
difficult or even impossible to attain by any other commercial 
Drocess. 

For many years the processes of cold working have been the 
nost empiric of all steel-making operations. Many of them 
[lave been plant secrets which were handed down from father to 
son for generations. The result has been that until recently 
there was little published information on cold-Vorking processes 
md the effect of these processes on the properties. Within the 
past few years, however, the literature has increased at a remark- 
able rate so that the discussion in this chapter is not a correlation 
5f all of the data; rather, it is necessarily a selection of values 
jvhich show typical properties or which indicate the effect of 
bhe process on the properties. 

K. EFFECT OF COLD WORKING ON MECHANICAL PROPERTIES 

As is well known there are three major classes of cold-worked 
products : wire, sheet or strip, and tubes. From the standnoint of 

no 
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the effect of cold working on the properties, the first is the most 
important. Most of the rolling or drawing operations in the 
commercial manufacture of sheet, strip, and tubes are carried on 
at elevated temperatures; ordinarily these products receive only 
a slight amount of cold reduction as a final operation, and 
frequently (usually, for sheet and strip) the effects of this cold 
work are destroyed by a subsequent annealing. 

In the manufacture of wire, on the contrary, practically every 
mechanical working operation is performed cold; reductions in 
cross-section by drawing may be as great as 98 per cent. It was 
to be expected, therefore, that more data would be available 
which show the effect of cold working on the properties of wire 
than data which show the same effect on sheet, strip, and tubes. 
Although most of the published information on the latter prod- 
ucts is discussed in this chapter, most of the work which is 
correlated below was done on wire. 

60. The Operation of Cold Working. — Practically all of the 
commercial iron-carbon alloys which are cold rolled or drawn into 
industrial products are first hot worked into some form suitable 
for cold working. Ingots may be rolled into billets and billets 
to rods which are then cold drawn to wire Ingots may also 
be rolled to slabs which are hot rolled further and then cold 
rolled into thin sheet and strip. Between the hot-working and 
the cold-working operations some form of heat treatment is 
occasionally used. Thus, for some grades of wire, the rod is 
“patented^^ before cold drawing by heating well above the 
critical temperature and cooling in air or in a lead bath main- 
tained at a temperature of 500 to 600®C. (930 to 1110®F.). The 
operation of patenting and the advantages of the resulting fine 
pearlitic structure in wire drawing have been discussed in Volume 
I of this monograph (page 332). 

The most pronounced effect of cold working is an increase 
in strength and hardness and a decrease in ductility as repre- 
sented by elongation and reduction of area. The elongation 
may be reduced practically to zero — in other words, the elonga- 
tion before rupture is almost entirely elastic; the reduction of 
area is usually decreased, but to a less marked degree. There is 
a limit to the amount of cold working which iron and steel 
will withstand without tearing apart internally. Before this 
limit is reached, the material must be heated to 400 to 650®C. 
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(760 to 1200°F.) to relieve internal strains, induce recrystal- 
lization, or both. This low-temperature or process^' annealing 
has been described in Volume I, page 283, of this monograph. 

Summarizing the process of cold working briefly: commercial 
iron-carbon alloys may be processed into finished form by cold 
rolling or cold drawing a hot-worked section either directly; or 
after a structure-controlling heat treatment of the hot-rolled 
section known as patenting; or by cold working, process anneal- 
ing, and further cold working; or by a combination of the above. 
In addition to these heat treatments, which are applied before 
the material is cold worked into final form, the finished wire or 
sheet may also be heat treated — annealed, or quenched and 
tempered — to produce any desired combination of properties 
within the limits possible for steel of that particular composition 

61. Mechanical Tests of Cold-worked Steel. — Before dis- 
cussing the effect of cold working on the mechanical properties 
of steel a word in explanation of the terms used is desirable 
Properties ordinarily determined on cold-rolled products are 
tensile strength and percentage elongation. The gage length 
for wire is usually 10 in., for sheet 2 in. Yield strength (fre- 
quently reported as yield point) and proportional limit are 
occasionally determined Most cold-worked products are so 
thin or of such small diameter that the reduced area at the 
fracture can rarely be measured accurately. Hence, a value 
for the reduction of area of test pieces as a measure of the duc- 
tility of the steel seldom appears in the literature, and has not 
been so used in this chapter except in Tables 38 and 39 (pages 
154 and 169). However, the term reduction of area'^ in the 
usual wire-mill sense, signifying the amount of reduction by cold 
drawing, has been used frequently, and should not be confused 
with the same term used later in this chapter and in other parts 
of this monograph to denote one of the familiar mechanical 
properties. 

Wire-mill laboratories frequently determine a property called 

twist.” This is obtained by clamping a section 6, 8, or 10 in. 
long in the jaws of a hand-operated machine; one jaw is fixed, 
the other revolves. The wire is twisted until it fails by shear; 
the number of complete revolutions of the movable head is the 
number of twists. Some authorities, for example Bonzel,^^®^^ con- 
sider that this torsion test agrees closely with the reduction of 
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area as determined by the tensile test; others are not sure, and 
some go so far as to say that the only advantage of this simple 
test is that it may detect local defects in that section of the 
wire under test. Legge,* in supplying data quoted in the next 
section, stated: We have not prepared curves showing the effect 



Reduction of area in drafting^percent 


Fig 21 — Effect of cold drawing on the tensile strength of wire containing 0 06 to 
1 00 per cent carbon {Legge ) 

of drafting on twists because the results obtained have been very 
irregular . . . 

Some form of bend test is used almost universally in wire and 
strip mills, but often the test is made crudely and, although of 
great value in the hands of the experienced wire drawer, seldom 
gives results of more than qualitative interest, t 

* Private communication, Mar 13, 1936 

t An ingenious reverse bending machine for sheet and streamline wire. 
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62. General Effect of Drawing on Mechanical Properties. — 

Some interesting results on the effect of cold drawing on tensile 
strength and elongation in 10 in., of steels containing 0.05 to 1.00 



Reduction of area m droifting,perc€nt 

Fig 22. — Effect of cold drawing on the elongation of wire containing 0.06 to 
1 00 per cent carbon {Legge ) 

per cent carbon, are shown in Figs. 21 and 22. In the former, 
increase in tensile strength and, in the latter, percentage elonga- 
tion are plotted against reduction of area in drawing. In supply- 
ing these charts, Legge* wrote: 

In analyzing and plotting the data obtained for steels whose carbon 
content varied from 0.05 to 1.00 per cent, and whose original condition 

which gives quantitative results, has been recently designed by D. M War- 
ner, testing engineer, U. S, Army Air Corps, Wright Field, Dayton, Ohio. 
See Warner, Trans. Am Soc. Mech Eng.^ v 64, 1932, p. AER 64-17-141 
* Private commimication, Mar. 13, 1936. 
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varied from the green [untreated] rod to the double-lead-patented, it 
was found that in all the steels in the various conditions tensile strength 
increased in about the same manner. For this reason tensile gam, 
rather than ultimate tensile curves for all the steels in all the conditions, 
was plotted on the same chart. 

On plotting the curves, it was observed that they grouped themselves 
according to three carbon ranges. Therefore, we have shown areas 
giving the most probable tensile strength developed for steels of these 
three carbon ranges. The exact curves were not given because it was 
found that the variation between two heats of the same type of steel 
was as great as that between two steels of considerable difference m 
carbon content, or in original condition. In general, it may be said 
that the higher the carbon, or the harder the original structure, the 
nearer the top of the range will be the tensile developed. 

On the chart giving the change of elongation with drafting, we again 
plotted an area of the most probable elongation for all the steels in all 
the conditions, because it was found that irrespective of the original 
elongation, the elongation always dropped to about the same value after 
a 10 per cent reduction, and that further reduction lowered the elonga- 
tion but slightly 

B. PROPERTIES OF COLD-WORKED STEELS OF VARYING CARBON 

CONTENT 

A large proportion of the tonnage of wire made by the mills 
of the United States is the so-called ‘^common grade. This is 
drawn from a hot-rolled, green (untreated) rod of low-carbon 
Bessemer or basic open-hearth steel; part of this production is 
used in the hard-drawn condition; a considerable proportion, 
however, is subjected to a final annealing, and/or is given a 
final corrosion-resisting coating of zinc or tin. Typical properties 
of common low-carbon wire after various amounts of cold work- 
ing, together with some of the available data showing properties 
of cold-worked wire, sheet, strip, and tubes of varying carbon 
content, are discussed on the following pages. 

63, Properties of Commercial Low-carbon Wire. — Mechanical 
properties typical of commercial low-carbon wire after varying 
amounts of cold work are given in Tables 30 to 32.* The 
analyses of the steels used for this grade of wire were as 
follows : 


Sisco, unpublished data. 
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Element 

Composition, per cent 

Bessemer 

steel 

Basic open- 
hearth steel 

Carbon 

0 05 to 0 10 

0 05 to 0 10 

Manganese 

0 35 to 0 45 

0 35 to 0 45 

Sulphur 

0 12 or less 

0 06 .or less 

Phosphorus 

0 10 or less 

0 04 or less 


Table 30 — Properties op Hard-drawn Commercial Bessemer Wire* 


Rods 

Drafts 

Wire 

Gaget 

Nominal 

diam- 

eter, 

in 

Num- 

ber 

Reduc- 
tion in 

area, 
per cent 

Gaget 

Actual 

diam- 

eter, 

in 

Tensile 
strength, 
lb per 
bq in 

Elonga- 
tion m 
10 in , 
per cent 




Averag 

e (as hot 

, rolled) 

64,600 

20 3 

^6 

0 3125 

1 

17 8 

1 

0 2834 

86,500 

2 41 


0 3125 

1 

29 3 

2 

0 2628 

100,500 

2 16 

%2 

0 2813 

1 

24 8 

3 

0 2440 

94,700 

2 59 

K 

0 250 

1 

19 4 

4 

0 2244 

90,950 

2 76 

Vi 

0 260 

1 

31 8 

5 

0 2065 

108,650 

1 66 

4 

0 2253 

1 

26 8 

6 

0 1928 

101,400 

2 08 

4 

0 2253 

1 

37 3 

7 

0 1784 

109,800 

1 51 

6 

0 2070 

1 

39 7 

8 

0 1607 

108,850 

1 32 

6 

0 2070 

1 

44 3 

8 5 

0 1546 

109,300 

1 36 

6 

0 2070 

2 

48 9 

9 

0 1480 

112,250 

1 11 

5 

0 2070 

2 

56 4 

10 

0 1351 

120,760 

1 13 

6 

0 2070 

2 

69 7 

10 5 

0 1286 

116,250 

1 16 

6 

0 2070 

2 

65 0 

11 

0 1210 

117,600 

0 94 

5 

0 2070 

2 

73 8 

12 

0 1044 

124,100 

0 80 

5 

0 2070 1 

3 

78 3 

12 6 

0 0976 

130,700 

0 44 

6 

0 2070 

3 

80 1 

13 

0 0909 

141,600 j 

0 47 

5 

0 2070 

4 

84 8 

14 

0 0800 

146,260 

0 66 

6 

0 2070 

4 

87 2 

16 

0 0720 

165,600 

0 35 

5 

0 2070 ! 

6 

91 2 

16 

0 0607 

168,600 

0 36 


♦ SlBCO. 

t American Steel and Wire Company gage (old Washburn and Moen) 
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Table 30 shows the effect of one to five drafts (20 to 90 per cent 
reduction in area) on the tensile strength and elongation. The 
values for the hot-rolled rod are averages of nine specimens; 
the values for the wire are actual determinations and are typical 
of wire of this composition, drawn the amount shown from rod of 
five sizes. As the diameters given in Table 30 are nominal for 
the rod and actual for the wire, the calculated reduction is only 
accurate to about 0.2 per cent. 


Table 31 — Properties of Commercial Bessemer Wire Annealed and 
Drawn One Draft after Annealing* 


Gagef 

Actual 

diameter, 

in. 

Annealed 

One draft after annealing 

Tensile 
strength, 
lb persq in 

Elongation 
in 10 in , 
per cent 

Tensile 
strength, 
lb persq in 

Elongation 
in 10 in., 
per cent 

1 

0 2824 

58,900 

17 6 



2 

0 2620 

61,300 

23 0 



3 

0 2442 

64,100 

22 5 



4 

0 2283 

61,600 

16 9 

81,300 

2 11 

5 

0 2062 

66,600 

18 5 

79,400 

2 08 

6 

0 1939 

61 ,800 

20 4 

79,500 

1 65 

7 

0 1758 

57,500 

20 0 

87,350 

1 45 

8 

0 1615 

59,100 

20 1 

93,500 

1 23 

9 

0 1436 

69,450 

20 5 

94,700 

1 36 

10 

0 1340 

58,800 

21 8 

91,900 

1 65 

11 

0 1187 

61,600 

19 2 



12 

0 1037 

66,900 

22 5 



13 

0 0916 

70,900 

22 8 



14 

0 0788 

69,750 

23 7 



15 

0 0712 

69,600 

18 8 



16 

0 0625 

72,500 

19 5 




* SlBCO 

t American Steel and Wire Company gage (old Washburn and Moen) 


Table 31 gives the properties of Bessemer wire of various 
gages as annealed and as drawn one draft after annealing. It will 
be noted from both of these tables that one draft is enough to 
reduce the elongation to about 2 per cent or even less. 

The properties of three grades of basic wire are given in Table 
32. This wire was drawn from a green rod which had a tensile 
strength (average of 17 specimens) of 54,500 lb. per sq. in and 
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Annealed basic 

Elongation 
in 10 in , 
per cent 

28.1 
^7 8 

29 7 

23 9 

24 1 

24 7 

27 6 

22 3 

28 1 

20 4 

25 0 

20 5 

20 0 

23 0 

18 0 

21 0 

20 0 

Tensile 

strength, lb 
per sq in 

46.600 

47.600 
50,460 

48.300 

50.600 

47.600 

43.600 
62,000 

51.800 

47.900 

44.900 

44.800 

54.300 
50,500 
54,650 
54,100 
57,700 

Soft basic 

Elongation 
in 10 in , 
per cent 

5 12 

4 76 

5 70 

4 60 

3 66 

2 76 

3 00 

2 75 

1 26 

1 25 

1 00 

1 25 

1 50 

1 00 

1 25 

Tensile 
strength, lb 
per sq in 

56,000 

60,600 

71.100 
68,600 

61.500 

64.800 
65,900 

66.100 

68.500 

78.500 

84.800 

86.300 
77,100 

78.300 

79.300 

Number of drafts 

After 

annealing 

++++■►+++•♦>+ 

Before 

annealing 

.-tr-<.-4Csiwc^(NC'ieoco^'«t»ocoec 

Basic 

Elongation 
m 10 in , 
per cent 

2 05 

2 35 

1 25 

1 25 

1 75 

1 50 

1 50 

1 50 

1 26 

1 00 

1 60 

1 26 

1 26 

1 00 

1 00 

1 50 

1 50 

Tensile 
strength, lb 
per sq in 

82,800 

88,450 

83,300 

80,100 

89.600 

88.600 
88,150 
89,200 
93,950 
98,800 

100,800 

111,550 

102,400 

110,500 

122,100 

128,200 

125,700 

Number 
of drafts 


I 

*0 

1 

'a 

1 

Nommal 

diameter, m 

0 2625 

0 2437 

0 2253 

0 2070 

0 1920 

0 1770 

0 1620 

0 1483 

0 1350 

0 1205 

0 1055 

0 0915 

0 0800 

0 0720 

0 0625 

0 0640 

0 0475 

1 

o 



♦ Sisco 

t American Steel and Wire Company gage (old Washburn and Moen) 

X On sizes 14 to 18 the wire was reannealed after the drafting shown in this column and was drawn one draft after the second anneakng 


PROPERTIES OF COLD-WORKED STEELS 


119 


an elongation in 10 in. of 24.9 per cent. The rods were drawn 
the number of drafts shown to wire of the gage given at the left 
of the table. The ^^basic^^ wire was drawn one to six drafts 
without annealing and had a tensile strength in the finer sizes up 
to 125,000 lb. per sq. in. The “soft basic^^ wire was drawn one to 
five drafts, annealed, and drawn one draft after annealing. For 



Fig 23. — Effect of the amount of drafting on the tensile properties of wire con- 
taining 0 10 to 1 01 per cent carbon {Eicken and Heidenhain (^*•0 


the finer sizes (14 to 18 gage) the material was drawn, annealed, 
drawn again, and reannealed. In every case, however, the 
wire received only one draft after the final annealing, which 
resulted in 65,000 to 85,000 lb. per sq. in. tensile strength for all 
but the larger sizes. The elongation of the soft basic wire is 
but slightly higher in the larger sizes and no higher in the finer 
sizes than that of the hard-drawn basic wire. 

The properties of the “annealed basic^^ show that a final 
annealing with its accompanying recrystallization destroys most 
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or in some cases all of the effects of cold work, and restores most or 
all of the original ductility; in fact, the elongation of some of the 
specimens of the annealed wire is somewhat higher and the tensile 
strength somewhat lower than the corresponding properties of the 
rod from which it was drawn. 

As will be noted from these tables, the tensile strength of 
unannealed wire depends not only upon the number of drafts but 
also upon the amount of reduction per draft. Thus, the first 
specimen of wire in Table 30, drawn one draft (17.8 per cent 
reduction) from a rod, had a tensile strength of 86,500 lb 

per sq. in., while the second, drawn one draft (29.3 per cent 
reduction) from a rod of the same size, had a strength of 100,- 
500 lb. per sq. in. 

64. Properties of Cold-drawn Wire and Rod of Varying Carbon 
Content. — Adam<^^^ and Bonzeb’'®^) h^ve given a few data on 
the mechanical properties of wire of varying carbon content 
Although these are of interest, the variation in carbon of the 
specimens tested is not wide enough to warrant reproduction 
of the data. In general, the change in tensile strength with 
drafting corresponds to that shown in Legge^s curves given in 
Fig. 20. 

In work reported by Eicken and Heidenhain^^'®^ on cold-drawn 
wire, steels of the following composition were used: 


Steel 

Composition, per cent 

C 

Mn 

Si 

S 

P 

A 

0 10 

0 54 

0 06 

0 023 

0 012 

B 

0 26 

0 76 i 

0 20 

0 033 

0 031 

C 

0 64 

0 56 

0 26 

0 024 

0 022 

D 

0 83 

0 61 

0 32 

i 0 035 

0 024 

E 

1 01 

0 72 

0 18 

0 027 

0 025 


The rods were 5 mm. (0.20 in.) in diameter and were patented 
by quenching in a lead bath. They were then cold drawn with 
different reductions per pass and with varying speeds. Results 
of drawing with an average reduction of 25 per cent per pass are 
shown in Fig. 23 where the properties are plotted against total 
reduction in cross-sectional area, and where the plotting points 
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represent a constant reduction per pass of 26 per cent.* The 
elongation was measured on a gage length equal to 10 times the 
diameter of the wire. The curves representing tensile and yield 
strengths (Fig. 23) are approximately parallel; the strength for 
any amount of reduction increased as the carbon increased. 
Experiments with different drawing speeds and different reduc- 
tions per pass indicated that the drawing speed had no influence 
on the properties of the wire but that the reduction per pass did 
have a measurable effect. This is discussed in detail in section 
57. 

In studying the influence of cold work on the properties of 
carbon and alloy steels, Greulich^®^^^ used five carbon steels of 
the following analyses : 


Number 

Composition, per cent 

C 

Mn 

Si 

s 

P 

1 

0 12 

0 40 

0 00 

0 024 

0 017 

2 

0 29 

0 40 

0 06 

0 013 

0 020 

3 

0 34 

0 57 

0 18 

0 017 

0 024 

4 

0 46 

0 75 

0 30 

0 028 

0 021 

6 

0 61 

0 83 

0 34 

0 016 

0 022 


Square bars were annealed for 3 hr at 650°C (1200®F ) and cold 
rolled to square sections with reductions in area up to 50 or 55 per 
cent. The tensile properties and hardness numbers for steels 
1, 2, 4, and 5 versus reduction in cross-sectional area are plotted 
in Fig. 24. The curves for the medium-carbon steel, No. 3, which 
are not reproduced, were almost identical with the curves for 
steel 2, differing only to the degree expected for the slight increase 
in carbon content. 

As will be noted from Fig. 24, the curves for the various steels 
are almost parallel, thus indicating that the increase in strength 
and hardness and the decrease in ductility with higher reductions 
in area are practically independent of the carbon content. 

* Nead (private communication) commented that the curves m Fig. 23 
show a tendency toward infinite values with increasing cold reduction, and 
that this IS contrary to his experience and to the data of other investigators 
quoted later in this chapter. 
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Greulich arrived at a similar conclusion by replotting the curves 
shown in Fig. 24 on a logarithmic scale and deriving from the 
resulting curves an equation in which the constant h represents 
the strengthening by cold work. Taking the yield strength as 
the most accurate measure of this strengthening he found that 
h is the same for all cold-worked carbon steels, thus indicating 



Fio 24 — Effect of the amount of reduction in cold rolling on the tensile proper- 
ties of rod containing 0 12 to 0 61 per cent carbon {Greuhch 


that the increase in strength by cold work is independent of the 
carbon content. 

Properties of a series of steels tested by Altpeter as quoted by 
Bonzel^^® 2 ) shown in Fig. 26 in which tensile strength is 
plotted against carbon content. Here again — if allowance is 
made for differences in the kind of steel, minor variations in 
composition, and in wire-drawing practice and possible slight 
variations in the air patenting (different cooling rates, changes in 
critical temperature with carbon, etc.) — drafting is shown to 
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increase the tensile strength by an amount which is apparently 
independent of the carbon content. 



Fio 26 — Tensile strength versus carbon content of wire, as patented and as 
cold drawn after Altpeter ) 

66. Properties of Cold-rolled Strip of Varying Carbon Content. 

Swinden and Bolsover<“*®> determined the effect of cold rolling on 
the properties of hot-rolled strip steel of the following analyses: 


Steel 

Composition, per cent 







C 

Mn 

Si 

S 

P 

A 


0 41 

Trace 

0 036 

0 017 

B 


0 72 


0 037 

0 030 

C 

0 64 

0 78 


0 032 

0 036 

D 

0 70 

0 68 


0 030 

0 028* 


According to the investigators, the results are representative 
of those obtained in actual practice. In addition to tensile 
strength and percentage elongation, the proof stress (the elastic 
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extension plus 0.1 per cent of the gage length), Brinell hardness, 
and shear strength were also determined. 

The effect of cold working, with reductions in thickness up to 
07 per cent, on tensile strength and elongation is shown by the 
values given in Table 33 The effect of the various reductions 
and of the carbon content is clearly indicated. Proof-stress 
values were rapidly increased by cold rolling with a 7 per cent 
reduction in thickness and then, for all higher reductions, followed 


Table 33 — Effect of Cold Rolling on Tensile Strength 
AND Elongation of Strip* 



Reduc- 

Steel A (0 10 % 
carbon) 

Steel B (0 34 % 
carbon) 

Steel C (0 64 % 
carbon) 

Steel D (0 70 % 
carbon) 

Nom- 

inal 

tion of 
thick- 


Elon- 


Elon- 


Elon- 


Elon- 

mze, 

ness, 

Tensile 

gation 

Tensile 

gation 

Tensile 

gation 

Tensile 

gation 

in 

per 

strength, 

in 

strength, 

in 

strength. 

in 

strength, 

in 


cent 

lb per 
sq in 

4 VI. 

per 

cent 

lb. per 
sq in 

4VI»! 

per 

(ent 

lb per 
sq in 

4 VI. 

per 

cent 

lb per 
sq ill 

4 VI. 

per 

cent 

0 300 


61,600 

31 1 

93,000 

27 8 

111,800 

23 4 

128,900 

22 1 

0 280 

7 

72,000 

22 2 

108,800 

16 0 

120,700 

17 0 

138,400 

16 7 

0 260 

13 

76,000 

19 4 

117,600 

13 6 i 

128,100 

12 6 

150,100 

12 0 

0 240 

20 

80,800 

17 6 1 

117,400 

11 0 

136,600 

9 1 

168,000 

12 4 

0 220 

26 

84,000 

16 3 

124,300 

10 8 

142,200 

9 4 

160,300 

10 7 

0 200 

33 

83,800 

16 0 

126,300 

10 0 

146,800 

8 4 

163,200 

11 4 

0 180 

40 

89,400 

13 0 

132,900 

8 2 

164,800 

7 1 

173,000 

8 6 

0 160 

47 

90,900 

11 3 

138.100 

9 6 

169,600 

8 9 

176,400 

11 1 

0 140 

63 

96,700 

9 2 

143,400 

8 5 

164,000 

7 7 

186,800 

10 0 

0 120 

60 

101 ,900 

8 7 

146,600 

7 9 

173,600 

6 7 

196,600 

8 2 

0 100 

67 

103,000 

8 7 

154,100 

8 2 

182,000 

6 4 

198,300 

8 2 


* Swindell and Bolsover 


a curve approximately parallel to the tensile strength. Brinell 
hardness was increased by cold work, but the values were variable 
and did not bear such a definite relation to tensile strength as do 
the Brinell values of material which has not been cold worked. 
Shear stress was increased uniformly but slightly by cold work- 
ing. For example, by reductions in thickness of 67 per cent 
the shear stress of the 0.54 per cent carbon material increased 
from 78,600 to 97,700 lb. per sq. in. (24 per cent), while the tensile 
strength increased from 111,800 to 182,000 lb. per sq. in. (62 
per cent). 
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Swinden and Bolsover also determined the effect of cold 
rolling on the properties of sheet which had been hot rolled and 
normalized or annealed. This is discussed briefly in a later 
section (section 60). 

The effect of cold rolling on the properties of strip of different 
carbon contents was also investigated by Pomp and Poellein.^®^^^ 
The steels used were of the following analyses: 


Number 

Composition, per cent 

C 

Mn 

Si 

s 

P 

1 

0 09 

0 36 

0 03 

0 052 

0 021 

3 

0 29 

0 28 

0 05 

0 005 

0 019 

6 

0 65 

' 0 28 

0 04 

0 032 1 

0 019 

9 

0 93 

0 26 

0 04 

0 023 

0 021 

12 

1 14 

0 26 

0 03 

0 026 

0 020 

14 

1 44 

0 25 

0 04 

0 019 

0 020 


Sections 1 50 mm (0 059 in.) thick were heat treated to produce 
lamellar pearlite, spheroidized cementite, or a sorbitic (fine 
pearlitic) structure and then cold rolled with different reductions. 
The tensile strength and the elongation for a 50-mm. (1.97-in.) 
gage length of the strips cold rolled from the spheroidized material 
are shown in Fig. 26 as a function of the thickness of the strip 
and the total reduction by cold rolling With these specimens, 
as with the wire and rod discussed in the previous section, the 
increase in tensile strength and the decrease in elongation were 
almost wholly dependent upon the amount of cold working and 
apparently independent of the carbon percentage. Pomp and 
Poellein also determined the Herbert ‘‘time hardness'^ of the six 
steels. The hardness value increased with the amount of 
reduction in cold working along curves very similar in slope to 
the curves for tensile strength given in Fig. 26. 

66. Properties of Cold-drawn Seamless Tubes of Varying 
Carbon Content. — The effect of cold working on the properties 
of seamless tubing was determined by Pomp and Albert^^^®^ 
using basic open-hearth steels of the composition shown in the 
table on page 127. 

The tubes were hot rolled and then cold drawn in two drafts, 
with intermediate annealing, to 70 mm. (2.756 in.) outside diam- 
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eter and 8 mm. (0.315 in.) wall thickness. Three series of speci- 
mens were subjected to the following treatments^ 

A. Annealed 30 min. slightly above and cooled in air. 

B. Heated 30 min. slightly above Az and quenched: steels 
1, 2, 3, and 4 in water; steel 5 in oil; all were then tempered 
30 min. at eSO^C. ( 1200 '='F.). 


Reduction of thickness, per cent 



thickness of stnps,mm 

0059 0053 mi 0041 0035 0030 0.023 0018 0012 0.0% 

Thickness of strips, in 

Fig. 26 — Effect of the amount of reduction in cold rolling on the tensile prop- 
erties of strip containing 0 09 to 1 44 per cent carbon. The composition of the 
steels used is given on page 125 {Pomp and Podlein 

C. Patented by heating 30 min. slightly above A 3 and 
quenched in molten lead at 500 to 620®C. (930 to 970®F.). 

Specimens representing each of the above treatments were 
Cold worked with from 8 to 50 or 60 per cent reduction by three 
methods; by the first, called “pressure drawing,^' the specimens 
were drawn without a plug; by the second, called ^‘plug drawing,' ' 
the specimens were drawn with a short internal plug; by the third, 
called “mandrel drawing," the specimens were drawn over a 
mandrel. In the first, pressure drawing, the cross-sectional 
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reduction results from decreasing the tube diameter while main- 
taining the same wall thickness In plug drawing the reduc- 
tion results from a decrease in both diameter and wall thickness. 
This is also true of mandrel drawing. 

Impact tests were made on a Charpy 45-deg. V-notch specimen, 
120 mm. (4.724 in.) long, and 12 mm. (0.472 in.) thick. It was 
tested on a 90-mm. (3.543-in.) span. The width was variable, 
being the wall thickness of the tube. The specimen was cut 
longitudinally and the curvature of the tube was not machined 
off; it was therefore of unusual shape as well as being variable in 
width. Impact values are given in m-kg. per sq. cm and were 
calculated to the area back of the notch for each size of specimen. 
The Brinell-hardness determinations were made with a 5-mm. 
ball and a 750-kg. load - 

The effect of cold working by pressure drawing on specimens 
subjected to treatments A, B, and C is shown in Fig. 27 ; for cold 
working by plug drawing in Fig. 28, and for mandrel drawing in 
Fig 29. For each steel, each heat treatment, and each method of 
cold working, tensile strength increased with the amount of reduc- 
tion and, with a few exceptions, was almost independent of the 
carbon content As is also the case in wire drawing elongation 
dropped sharply with the first application of cold w^ork, and then 
decreased but slightly with increased reduction. In general, 
Brinell-hardness values increased along curves similar to the 
tensile strength. 

Because of the unusual specimens used the only interpretation 
of the impact results is that the resistance of all of the steels. 


Number 

Composition, per cent 

c 

Si 

Mn 

S 

p 

1 

0 10 

0 14 

0 54 

0 028 

0 022 

2 

0 28 

0 29 

0 59 


0 024 

3 

0 41 

0 32 

0 54 

B Sm 

0 028 

4 

0 57 

0 09 

0 45 

B 9 

0 017 

5 

0 84 

0 14 j 

0 32 1 

Bia 

0 014 


except the 0.10 per cent carbon material, was low for reductions 
of more than 10 per cent. 

67. Effect of Variations in Cold-working Practice on Proper- 
ties. — As is evident from the data given in the preceding sections, 
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the principal factor affecting the mechanical properties of cold- 
worked steel is the amount of cold working, in other words the 
amount of reduction in cross-sectional area by cold drawing or 
rolling, either directly from the hot-rolled section or after a pre- 
liminary or an intermediate heat treatment. As a general rule, 
it may also be said that the increase in tensile strength caused 
by cold work has apparently no close relation to the carbon 
content. However, there are other factors, in addition to the 


H e at Treatment 



0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 60 

Total reduetj on, per cent 

Fig 27 — Effect of the amount of reduction in pressure drawing on the properties 
of tubes containing 0 10 to 0 84 per cent carbon (Pomp and Albert (^29) 

amount of reduction in cross-sectional area, which may affect 
the properties. One of these, as stated on page 120, is the 
amount of reduction per draft or pass. 

Eicken and Heidenhain,^^^®^ in addition to investigating the 
properties of cold-drawn wire of various carbon percentages (see 
Fig. 23), also determined the effect of the amount of reduction per 
draft. Three of their steels. A, C, and E, whose composition is 
given on page 120, were drawn four and six drafts from 5 mm. 
(0.197 in.) to 2.1 mm. (0.083 in.). The total reduction in area 
was the same, but the amount of reduction per draft was, of 
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ui btJsd qipuiDtnoif^ 
'qqbusjfs 9|isu3j. 



28. Effect of the amount of reduction in plug drawing on the properties of tubes containing 0 10 to 0 84 per cent carbon. 

(Pomp and Albert t**®)) 
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Total reduction, per cent 

Fig. 29. — Effect of the amount of reduction in mandrel drawing on the properties of tubes containing 0.10 to 0 84 per cent carbon. 

{Pomp and Albert. <***>) 
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course, heavier for the wires drawn four drafts than for those 
drawn six drafts. Tensile and yield strengths are given in Table 
34. 


Table 34. — Effect of Reduction per Draft on Tensile Properties* 


Steel 

Carbon, 
per cent 

Number of 
drafts 

Tensile 
strength, 
lb. per sq. in 

Yield 
strength, 
lb per sq. in. 

A 

0 10 

4 

123,700 

112,400 

Ai 

0 10 

6 

120,900 

109,600 

C 

0 54 

4 

256,000 1 

220,500 

Cl 

0 64 

6 

230,400 

206,200 

E 

1 01 

4 

361,300 

341,400 

E, 

1 01 

6 

314,300 

285,900 


* Eicken and Heidenhain (iw) 


Bonzel^^^^^ also gave some values for properties of steels 
drawn with heavy and light reductions per draft. The composi- 
tion of the material used was not given; probably it was low-car- 
bon steel. One lot of specimens was drawn from 0.200 to 
0.140-in. wire in five and two drafts; another lot from 0.200 to 
0.060-in. wire in sixteen and six drafts. The values obtained 
were as follows: 


Material 

Number 
of drafts 

Tensile strength, 
lb. per sq. in. 

0 140-in wire 

6 

82,000 


2 

87,000 

0.060-in wire 

16 

116,000 


6 

128,000 


These results confirm the properties obtained by Eicken and 
Heidenhain (Table 34) and indicate that heavy drafts increase 
the tensile and yield strengths more than light drafts for the 
same total reduction. 

Regarding the effect of some of the other variables in wire- 
drawing practice, Bonzeb^®^^ stated: ‘‘We have never been able to 
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trace any effect of lubricant, die shape, or drawing speed on the 
properties of the wire drawn, and in this matter we are in accord 
with Giraud^^®^^ who has studied the effect of these factors in the 
drawing of mild steel/' Eicken and Heidenhain also found that 
(see page 121, section 54) drawing speed had no effect on the 
properties of steels containing 0.10 to 1.01 per cent carbon. 

Ellinger* does not agree with the conclusions of Bonzel, Giraud, 
and Eicken and Heidenhain, that these variables have no effect 
on the properties: “This may be true in drawing mild steel, 
but each of these factors does have a definite effect on the proper- 
ties in the case of high-quality wire." 

Owing to the taper of the die walls, the flow of the metal in 
drawing a wire is not the same at the surface as at the center To 
discover if changing the direction of drawing had any effect on the 
properties, Bonzeb^®^^ divided a bundle of low-carbon steel rod, 
drew one half of the bundle several drafts in the same direction, 
and drew the other half by alternating the direction at each 
draft. All other variables were constant. Upon determining 
the properties after the drafts, no difference in tensile, bend, or 
torsion test could be detected. 

To determine the effect of direction of working on properties of 
strip, Phillips and Dunkle^®^^^ studied ^n open-hearth steel of 
0.08 per cent carbon, 0.38 per cent manganese, 0.032 per cent 
sulphur, and 0.008 per cent phosphorus (silicon content not 
stated, the steel was evidently a rimmed steel free from silicon) 
after varying amounts of hot and cold rolling and after annealing 
at various temperatures. Tests were made promptly after rolling 
in order to avoid the complicating effect of age hardening. While 
these authors did not discuss the cleanness of the steel, they 
consider that their data indicate “crystallographic fibering," 
the effect of orientation of the crystals, rather than that due to 
elongated bands of inclusions and inhomogeneities. 

The material was hot rolled to the four gages shown in Fig. 
30(a), the finishing temperatures being 730, 775, 800, and 830®C. 
(1345, 1425, 1470, and 1525®F.), the temperature being the lower 
the lighter the gage. Samples were taken longitudinally and at 
an angle of 22.5, 45, 67.5, and 90 deg. from the direction of rolling 
on hot-rolled, cold-rolled, and annealed materials. 

* G. A. Ellinger, Metallurgical Division, National Bureau of Standards, 
private communication. 
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These four gages of stock were then cold rolled to the same 
thickness, 0.032 in., which represents a reduction of 40, 50, 60, 
and 69 per cent. The tensile strength in the 90-deg. direction 
rises about 10 per cent above that in the longitudinal, and this 
holds irrespective of the percentage of reduction. The elonga- 
tion in 2 in., not plotted in Fig 30(6), varied from 2 to 3 per cent 
at different orientations for the material reduced 40 per ce^t, 
1.5 to 2 per cent for that reduced 50 per cent, 1.75 to 2 per cent 



Fiq 30. — Effect of the direction of working on the tensile properties of hot- and 
cold-rolled strip (Phillipa and Dunkle (*“>) 

for that reduced 60 per cent, and 1.5 to 2 per cent for that 
reduced 69 per cent, with no indication that the orientation 
played a major part in these slight variations. 

The four cold-rolled lots were then each annealed at 680, 705, 
720, and 745°C. (1255, 1300, 1330,* and 1375°F.), being held at 
temperature 2 hr., and furnace cooled. These 16 lots were each 
tested at the five orientations to the rolling direction. The 
results are shown in Fig. 31. Cupping tests showed the charac- 
teristic ears'' that* result from grain orientation. On the 
material that had had 40 per cent reduction the ears were at 
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46 deg. to the rolling direction. On those with higher reduction, 
they were at 0 and 90 deg., the height of the ear increasing with 
the reduction. 



Fig. 31. — Effect of the direction of working and of annealing on the tensile 
properties of hot- and cold-rolled strip {Phxlhpa and Dunkle,^^^^^) 

C. EFFECT OF PRIOR HOT WORKING AND HEAT TREATMENT 

The discussion of mechanical properties in the preceding pages 
was confined, so far as possible, to : (a) the effect of cold working 
on steels of varying carbon content including typical properties 
of wire, rod, tubes, and strip, (6) the effect of amount of reduction 
in cold working on properties, and (c) the effect of variations in 
cold-working practice. In this discussion it was impossible 
wholly to separate the properties of material which was drawn or 
cold rolled from hot-worked carbon steel from the properties of 
material which was cold worked after some prior or intermediate 
heat treatment. Thus, Tables 31 and 32 give properties of low- 
carbon Bessemer and basic wires which were annealed and drawn 
after annealing. Furthermore, in most of the other investi- 
gations quoted (see results of Eicken and Heidenhain,^“®^ 
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Greulich/3^^^ Pomp and Poellein/^^'^ and Pomp and Albert^^^^O 
the material had been heat treated before cold working (for 
medium- und high-carbon steels this may be absolutely necessary 
so that the material can be cold worked to the required degree). 

Low-carbon steels are almost never subjected to a preliminary 
heat treatment. They are, however, frequently annealed during 
cold working to restore the ductility so that they may be cold 
drawn or rolled to smaller sizes without failure, or so that speci- 
fied properties may be attained. An illustration of the effect 
of this intermediate annealing on low-carbon wire is given in 
Tables 31 and 32 Medium- and high-carbon steels are fre- 
quently heat treated before cold working; in fact, patenting of 
some kind is usual for spring and other high-grade wires. 

In the discussion which follows, an effort has been made to 
show the effect of variations in the prior hot-rolling practice, 
or the effect of prior or intermediate heat treatment, on the 
properties of the cold- worked material; attention has been paid 
chiefly to those investigations in which the prior mechanical or 
thermal treatment is the only or at least the most important 
variable. 

58. Effect of Variations in Hot-rolling Practice on the Proper- 
ties of Low-carbon Strip. — In their investigation of the effect of 
mill and annealing practices on the properties of sheet for deep 
drawing, Nead, Mahlie, and Dittrich* studied the properties of 
material after cold rolling with reductions of 2 to 65 per cent, and 
aftei subjecting the cold-rolled sheet to a vanety of annealing 
and normalizing treatments. The object of the investigation 
was to work out the rolling and thermal treatments which would 
produce the most ductile sheet for deep drawing; hence, in their 
conclusions they considered not only the tensile properties but 
also the Rockwell B hardness and the results of the Olsen duc- 
tility tests. Results of a study of the microstructure also affected 
their final conclusions. 

The steel used was a 0.05 per cent carbon, 0.37 per cent 
manganese basic open-hearth material, the complete analysis of 
which IS given on page 102, where details of the finishing tempera- 
tures in rolling and the annealing practice are also given. 

The effect of cold rolling on the tensile properties of strip, flat 
rolled with finishing temperatures of 730, 790, and 880°C. (1345, 

* See footnote, p 102 
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1450, and 1615®F.), is shown in Fig. 32. It will be noted that 
the 3 deld-strength curve joins the tensile-strength curve at 
reductions of 20 to 25 per cent. The elongation values drop to 
about 2 per cent with reductions of 35 per cent and remain prac- 
tically constant as the reduction increases. A finishing tempera- 
ture of 880°C. (Ifilfi^^F.) results in higher tensile-strength values 



I Reduction in cold rollincj, per cent 


Fig 32 — Elfect of cold rolling on tensile and yield strengths of 0 08-in strip 
rolled with finishing temperatures of 730, 790, and 880®C (1345, 1450, and 
1616®F.) {Nead and associates ) 

for reductions of 25 per cent or more than the lower finishing 
temperatures. 

The effect of finishing temperatures in hot rolling on the 
properties of sheets after a variety of annealing and normalizing 
treatments is shown in Table 35 for strip cold rolled with a reduc- 
tion of 50 per cent. It may be concluded from these data that, 
in general, the best properties result from rolling flat with finish- 
ing temperatures of 790®C. (1450®F.) or -above. Coiling the 




Table 35. — Effect of Hot-working Temperatures on the Properties of Low-carbon Strip 0.08 In Thick, after Cold 
Rolling with a Reduction of 50 Per Cent, and after Cold Rolling and Annealing* 
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hot-rolled strip is apparently responsible for a lower elongation 
in the finished sheet after annealing. 

It may also be concluded that the subsequent treatments which 
produce the highest elongation values are annealing at 705 and 
760°C. (1300 and 1400°F.) and normalizing at 980®C. (1800°F ). 

After taking into consideration the tensile properties for various 
amounts of cold rolling and for various annealing and normalizing 
treatments, and the accompanying metallographic structures, and 
after correlating these with the Olsen-test values and Rockwell B 
hardness, Nead and his associates concluded that for the best 
deep-drawing properties in cold-rolled sheets, cold reduced from 
0.080-in. gage bands: 

1. The hot-mill finishing temperature should be 790 to 880°C (1450 to 
1616®F.). 

2. As the flat finished bands had consistently better ductility than the 
coiled bands after cold rolhng and anneahng, the band should be cooled 
pnor to coihng or should be coiled in such a manner that annealing effects 
are minimized 

3. The cold reductions should be 50 per cent or more 

4. The tensile strength should be between 40,000 and 46,000 lb per sq 
in., the yield ratio 60 to 70 per cent, and the Rockwell B hardness 40 to 50 

5. If normalizing (which produced the best structure and ductility) is not 
practicable, sheet annealing temperatures of at least 705®C (1300°F ) should 
be used 

A brief discussion of the Olsen ductility test for deep-drawing 
sheet and some values for low-carbon material are given in sec- 
tion 256, Chapter XVII. 

69. Effect of Prior Heat Treatment and Carbon Content. — In 

a series of comprehensive investigations. Pomp and his associates 
studied the effect of increasing reductions by cold working on the 
mechanical properties of seamless tubes, strip, and wire of 
varying carbon content, heat treated in various ways before 
cold working. 

The first report, by Pomp and Albert, on the properties 
of seamless tubes containing 0 10 to 0.84 per cent carbon, drawn 
by three methods, and after three prior heat treatments, is 
discussed on pages 125 to 127. The results for the three methods 
of drawing the tubes are given in Figs. 27 to 29. No accurate 
general conclusions can be drawn concerning the effect of the 
different heat treatments except that the elongation after the 
drafting seems to be independent of the heat treatment. It is 
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possible, of course, to come to some tentative specific conclusions 
by superimposing the curves for the various steels upon each 
other; thus, if in Fig. 29 for mandrel drawing this procedure is 
followed for tensile-strength curves, it might be concluded that 
treatment B results in slightly better tensile strength for steels 
2 (0 28 per cent carbon) and 3 (0 41 per cent carbon) after 
cold working than treatment A, and in much better strength than 
treatment C. 

Data by Pomp and Poellein^^^^^ for cold-rolled strip of various 
carbon contents, subjected to a prior heat treatment which 
produced spheroidized cementite, are discussed on page 125 and 
shown in Fig. 26 reproduced from their paper. These investi- 
gators also gave curves of tensile strength and elongation for cold- 
drawn strip of steels 3, 6, and 9 (see composition, page 125) which 
had received two other prior heat treatments — annealing to form 
lamellar pearlite and patenting to form sorbite. The properties 
after cold rolling of the steels after these treatments were some- 
what erratic; according to the investigators this was due to the 
difficulty of securing uniform structures. 

For reductions by rolling of 10 to 70 per cent, steel 3, con- 
taining 0.29 per cent carbon, had slightly higher tensile strength 
when the original structure was lamellar pearlite, and consider- 
ably higher strength when the structure was fine pearlite (sor- 
bite), than when the original structure consisted of spheroidized 
cementite. Steel 6, containing 0.65 per cent carbon, also had 
much higher tensile strength when originally sorbitic, but, con- 
trary to steel 3, the strength as cold rolled was slightly higher 
when the original structure was spheroidized cementite than 
when it was lamellar pearlite. 

The most recent investigation by Pomp^^®*^ was on patented 
wire of the following analyses: 



Comp)osition, per cent 


C 

Si 

Mn 

P 

S 

A 

0 36 

0 19 

0 61 

0 027 

0 029 

B 

0 44 

0 16 

0 62 

0 014 

0 037 

C 

0 63 

0 19 

0 76 

0 044 

0 030 

D 

0 62 * 

0 17 

0 69 

0 016 

0 041 

E 

0 77 

0 19 

0 74 

0 010 

0 033 
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These steels were hot rolled to 5.3 mm. (0 209 in.) diameter 
and then cold drawn tQ 4.6 mm. (0 181 in.) before the heat treat- 
ment and final cold drawing. The steels were quenched from 
1135, 1036, 920, and 837°C. (2075, 1895, 1690, and 1540°F.) 
into lead which was held at 542, 460, and 406°C (1010, 860, and 


Total reduction percent 



Q162 


0129 


0103 

0 I 


0162 

mete 


0129 
0 f 


0103 


0162 


0129 


0103 


I 


4 5 6 

dI r a f t 5 


3 4 5 6 0 1 2 3 

Number of 

Fig. 33 . — Effect of heat treatment and amount of reduction in drafting on 
the tensile strength and elongation of five carbon steels Q T = quenching 
temperature, L T. == lead temperature (Pomp 


765®F.). These temperatures are the averages of the actual 
quenching (Q.T.) and lead temperatures (L.T.) for the four lots 
of which the average properties are shown in Figs. 33 and 34. 
The former shows the tensile strength and elongation of the wires 
cold drawn to the degree indicated after (upper row) patenting 
at 1135°C. (2075®F.) into lead held at the three different tempera- 
tures and (lower row) patenting at 1036°C. (1895®F.) into lead, 
at the same three temperatures. The data for the same steels 
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patented at 920 and 837®C. (1690 and 1540°F.) respectively arc 
given in Fig 34. 

Pomp also made reversed bend tests over a radius approxi- 
mately 2.5 times the diameter of the wire. There was a general 
increase in the number of bends up to the fifth draft corresponding 

Total reduction, per cent 
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 






0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 1^ 0 20 40 60 80 100 120 140 
Degree of deformation, percent 

455 40 3.67 3 28 2 93 2 62 2 34 4 55 413 3.67 3 28 2 93 2jb2 234 455 413 367 328 293 262 2.34 

Diameter of wire, mm 

OITJ ' 0145 ^il5 ‘”^20179 OMS 0115 0 0920179 0145 ail5 0092 

0162 0129 0103 0(82 0129 0103 0162 0129 0103 

Diameter of wire, in, 

III I 1 1 - I I I I I I I I I \ 1 1 1 1 1 

0 3 4 5 6 01234 5601234 56 

Number of drafts 

34 — Same as Fig 33, except for lower quenching temperatures {Pomp 


to a reduction in area of about 70 per cent with a decrease at 
the sixth draft. Torsion tests were made but the resulting curves 
were irregular. Using as a basis the best reversed bend value 
at the fifth draft, Pomp gave the values shown in Table 36 
(page 144) as the best heat treatment and resulting properties. 

Pomp also concluded that tensile strength is primarily con- 
trolled by the carbon* content, only slightly by the quenching 
temperature, and is higher with the lower lead-bath tempera- 
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tures; that elongation decreases with increase in quenching 
temperature and with decrease in lead-bath temperature; and 
that, after the first draft, it remains approximately constant on 
succeeding draws. 

For a high reversed bend test. Pomp found that a high quench- 
ing temperature is desirable, for a high torsion test, a medium 
quenching temperature, with a low lead-bath temperature in 
both cases. 

60. Effect of Prior Heat Treatment on the Properties of Cold- 
worked Medium-carbon Steel. — Results which show the effect 
of prior heat treatment on mechanical properties, including 
variations in patenting practice, have been reported by Adam^^^^ 
for a 0.44 per cent carbon steel, by Bonzeb^®^^ for a 0.40 per cent 
carbon steel, and by Pomp and Lindeberg^^®^^ for a 0.60 per cent 
carbon steel. The compositions of the steels used by Adam and 
Bonzel were as follows: 


Percentage 


jLicnient 

Adam 

Bonzel 

Carbon 

0 44 

0 40 

Manganese 

0 82 

0 68 

Silicon 

0 06 

0 26 

Sulphur 

0 036 

0 026 

Phosphorus. . 

0 031 

0 020 


Adam's material was a basic open-hearth steel and had been 
drawn two drafts from a No 5 rod (0 212 in ) to a No 8 wire 
(0.160 in.). The wire was subjected to two variations in patent- 
ing: (a) heating to 1000°C. (1830°F.) and air cooling and (6) 
heating to 1000°C. (1830°F.) and quenching in molten lead at 
550°C. (1020^F.). 

Bonzel did not give the process by which the steel was made. 
The first lot of wire was drawn from a 0.192-in. green rod, the 
second lot from a 0.188-in. rod which had been heated to 1010®C. 
(1850®F.) and quenched in lead at 520®C. (970°F.). The speed 
of the wire through the , patenting furnace was 10 ft. per min. 
The tensile strength versus size of the wire is plotted in Fig. 35. 
BonzePs data show the improvement in strength which results 
from patenting as compared with that resulting from drafting 
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an unpatented rod. Adames data (Fig. 35) on the tensile 
strength of wire drawn from air-patented and lead-patented 
materials show that the strengths are almost the same until 
the seventh draft. For wire of smaller sizes than 0.06 in. lead 
patenting the rod resulted in higher strength. This was 



Fio. 36. — Effect of patenting on the tensile strength of medium-carbon wire 

and 

especially noticeable in very fine wire; the 0.03-in. wire drawn 
11 drafts from lead-patented rod had a strength of 338,000 lb. 
per sq. in. as compared with 311,000 for wire of the same size 
drawn 11 drafts from air-patented rod. 

Adam<‘^^ also investigated the effect of varying the patenting 
temperature from 850 to lOSO^C. (1560 to 1920°F.), for both air 
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and lead cooling, and found that the effect of temperature was 
slight. There were, however, indications that with air cooling 
the capacity of the material to withstand cold work increased 
with the temperature; this did not hold for lead patenting. In 
either practice, Adam concluded, the safe temperature range for 
patenting is extremely wide. 


Table 36 — Best Heat Treatment and the Resulting Tensile 
Strength for Carbon-steel Wire* 


Tensile-strength 

range, 

lb per sq in 

Steel 

Carbon, 
per cent 

Quenching 

temperature 

I^ad-bath 

temperature 

Tensile 
strength, 
lb per 
sq in 

Reversed 
bends over 

7 6-mm 
(0 297-in ) 
radius 


®F 


op 

142,000 to 166,600 

A 

0 36 

1036 

1896 

460 

860 

162,200 

16 

166,600 to 170,700 

A 

0 36 

920 

1690 

405 

760 

169,300 

16 6 


B 

0 44 

1036 

1896 

460 

860 

170 , 600 

15 6 

170,700 to 184,900 

B 

0 44 

11.35 

2076 

406 

760 

176,400 

16 

184,000 to 199,100 

C 

0 53 

1136 

2075 

460 

860 

197,700 

16 


D 

0 62 

1136 

2075 

460 

860 

192,500 

16 

199,100 to 213,400 

D 

0 62 

1036 

1895 

405 

760 

209,000 

16 

213,400 to 227,600 

D 

0 62 

920 

1690 

406 

760 

220,600 

14 


E 

0 77 

1135 

2076 

460 

860 

224,700 

14 

227,600 to 241,800 

E 

0 77 

1036 

1895 

405 

760 

233,300 

16 

241,800 to 266,000 

E 

0 77 

1135 

2075 

406 

760 

243,200 

16 


* Pomp 


Pomp and Lindeberg^'^®^^ used a steel containing 0 60 per cent 
carbon, 0.50 per cent manganese, 0.24 per cent silicon, and low 
sulphur and phosphorus. The material was in the form of a 
3 45-mm. (0.136-in ) wire which had been drawn from a 5.6-mm. 
(0.219-in.) patented rod. Their investigation included the 
effect of patenting temperature and practice on the mechanical 
properties of the wire before final drawing and after drawing with 
reductions up to 90 per cent. The speed of the wire through 
the patenting furnace was 32 in. per min. The tests made were 
tensile, bend, torsion, and fatigue The results obtained are 
plotted in a series of graphs. Concerning the effect of patenting 
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temperatures, Pomp and Lindeberg concluded that with air 
cooling the patenting temperature made little if any difference 
in the tensile strength of the cold-drawn wires. In bend strength, 
however, the best values resulted from the highest patenting 
temperature, 1070®C. (1940°F.). This was also true for torsion 


Rcducf/on of areo, per cent 



V Number of drcsif+s 

343 304 270 244 217 194 170 152 135 122 109 097 
Diameter of wire, mm 

0135 0.106 0 086 0 067 0 053 0 043 

Oiameterof wire, in. 

Fig 36 — Effect of prior heat treatment on the tensile strength of cold-drawn 
0 60 per cent carbon wire For treatments see page 146. {Pomp and Linde- 

results, probably because the decarburization was greater at the 
high temperature and the decarburized metal at the surface 
improved the ductility as measured by these two tests. 

The patenting temperature had little if any effect on the tensile 
properties of the drawn wire when the original material was 
quenched into lead at constant temperature. Nor was tensile 
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strength materially affected when the original wire was quenched 
from a constant patenting temperature into lead of varying 
temperature (see Fig. 36). Bonzel/^®*^ on the contrary, stated 
that the lead bath should not be colder than 450°C. (840°F.) 
or hotter than 550°C. (1020°F.) as the properties are likely to be 
erratic, owing to the formation of martensite (with lower tempera- 
tures) or coarse pearlite (with higher temperatures) instead 
of the more desirable fine pearlite. In bend fests, Pomp and 
Lindeberg found wires drawn from lead-patented rod superior 
to those drawn from air-patented rod. 

For wire drawn from air-patented material fatigue values were 
erratic and showed no clearly defined trend, for the lead-patented 
material, however, there was a well-defined peak at reductions in 
area of 60 to 80 per cent. 

Pomp and Lindeberg also made tests on wires drawn after 
quenching in oil from 980°C. (1795°F ) and tempering at 425 and 
480°C. (795 and 895°F.) These wires work hardened faster 
(see Fig. 36) and became brittle much sooner They were inferior 
to the patented wire in both bend and torsion tests. 

From the large number of curves given by Pomp and Lindeberg 
six have been selected and plotted in Fig 36 as representative 
of the tensile strength of wire cold drawn to the degree noted 
after the following treatments: 

B. Patented at 1000°C (ISSO^'F ), cooled m air 

H Patented at 930"’C (1705°F ), quenched in lead at 590°C (1095®F ) 

J Patented at 935 °C ''1715®F ), quenched in lead at 490°C (915°F ) 

L, Patented at 925°C (1695°F ), quenched in lead at 4(X)°C (750°F ) 

M Quenched in oil fiom 980®C (1795°F ) and tempered at 425°C 

(796‘^F ) 

N Quenched in oil from 980°C (1795°F ) and tempered at 480°C 
(895®F ) 

61. Effect of Prior Heat Treatment on Properties of Cold- 
worked High -carbon Steel. — A large percentage of the steels 
containing 0.65 per cent or more carbon (and some medium- 
carbon steels as well), which are cold worked, are drawn into 
high-strength wire to be used for cable, rope (for example for 
bridge construction), and springs. Practically all of this material 
is patented before being drawn and, if fine sizes are required, an 
intermediate heat treatment, usually some form of lead patenting, 
is given to the material during the cold-working process. 
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Data on the properties of wire drawn from rod which had been 
subjected to various prior and intermediate heat treatments have 
been reported by Bonzeh^®*^ and Adam/®^* The analyses of the 
steels used were as follows: 





Percentage 

Element 


Adam 


Bonzel 





a 

b 

Carbon 

0 74 

0 85 

0 70 

Manganese 

0 68 

0 30 

0 64 

Silicon 

0 21 

0 12 

0 10 

Sulphur 

0 022 

0 022 

0 042 

Phosphorus 

0 020 

0 020 

0 037 


Bonzel did not give the previous history of his material One 
coil was untreated and was drawn six drafts from 0.200 to 
0 084 in. One coil was patented (15 ft. per min.) at 950°C 
(1730°F ), quenched into molten lead at 520°C (970®F ), and 
drawn six drafts to 0 084 in. The third coil was annealed by 
heating to 850®C (1550°F ) and cooling at 3°C (5°F ) per min. to 
400®C. (750°F ) so that the structure would consist of lamellar 
pearlite This rod was drawn 10 drafts to 0 064 in. The 
tensile strength after each draft is plotted in Fig 37. The 
improvement in strength after lead patenting is clearly evident. 
The strength values for the annealed rod are not strictly com- 
parable with the values for the other two as the drafts were 
lighter, but they are comparable enough to indicate that lamellar 
pearlite is not a desirable structure for high-carbon rod which is 
to be drawn into high-strength wire. This was further brought 
out by the bend tests made by Bonzel. The wire drawn from 
lead-patented rod gave markedly higher bend-test values than 
the others. 

The 0.85 per cent carbon steel used by Adam was Swedish 
acid open-hearth and the 0.70 per cent carbon also acid open- 
hearth steel but of British manufacture. Both were in the 
form of hot-rolled rods and were cold drawn to No. 4 (0.225-in.) 
wire before heat treatment prior to the regular cold working. 
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The specimens, whose tensile properties arc plotted in Fig. 37, 
were treated as follows: 

A 0 86 per cent carbon steel, air patented at i050°C (1920®F ) and 
drawn seven drafts to 0 104 in ; patented again at 960®C (1740®F ) and 
quenched into lead at 500°C (930®F ) ; then drawn nme drafts to 0 023 m 
0 85 per cent carbon steel same treatment as under A except that the 
temperature of the molten lead was 600°O (1 1 10°F ) and the wire was drawn 
eight drafts to 0 027 in 

C. 0 70 per cent caibon steel same treatment as under A except that the 
wire was drawn eight drafts after the lead patentmg to 0 027 in 

As is evident from Fig. 37, the 0 85 per cent carbon steel 
(treatment A) had a tensile strength for all reductions in area 



Fig 37 — Effect of prior and intermediate heat treatments on the tensile strength 
of cold-drawn high-carbon wire {Adam^^*'> and Bonzel 

that was 10,000 to 25,000 lb. per sq. in. higher than the strength 
of the 0.70 per cent carbon steel (treatment C). Quenching in 
lead maintained at 600°C. resulted in slightly higher tensile- 
strength values (treatment B) than quenching the same steel 
in lead at 500®C. (treatment A). The increase, however, was not 
great. 

From the complete series of tests made by Adam he concluded 
that, as in the case of the medium-carbon steel (see page 144), the 
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permissible range of patenting temperatures is extremely wide, 
and that ^Hhe improvement obtained by lead patenting is even 
more striking in these [high-carbon] steels than in the medium- 
carbon steel.” According to Adam ‘‘the fine structure produced 
by quenching in oil and tempering is quite unsatisfactory for 
withstanding cold flow” and “ordinary annealing is not suitable 
as a heat-treatment operation prior to cold working this class of 
steel ” 

This unsuitability of prior annealing is confirmed by the results 
of Swinden and Bolsover.^239) gteel D containing 0 70 per cent 
carbon (see composition, page 123), in the form of 0.300-in sheet, 
was normalized by air cooling from 830°C (1525^F ) and annealed 
4 hr. at 750°C (1380°F ) which was followed by cooling for 10 hr 
The normalized and the annealed sheets were cold rolled with the 
same reductions in thickness, given m Table 33 (page 124), 
and the mechanical properties were determined. Properties 
of the normalized and cold-rolled strip checked closely with 
the properties of the hot-rolled and cold-rolled strip; this 
might have been expected as steel of 0.70 per cent carbon 
is probably 111 the normalized condition after air cooling from 
the finishing temperature of hot rolling The properties of 
the annealed and cold-rolled strip were much inferior to 
those of the corresponding specimens cold rolled from the 
hot-rolled and the normalized sheet, Some typical values 
are as follows: 


Prior condition 

Reduction by 
cold rolling, 
per cent 

Tensile 
strength, 
lb per sq m 

Elongation, 
m 4-v/A, 
per cent 

Hot rolled 

None 

128,900 

22 1 

Normalized 

None 

133,900 

19 4 

Annealed 

None 

92,900 

26 8 

Hot rolled 

26 

160,300 

10 7 

Normalized 

26 

161,000 

12 1 

Annealed 

26 

137,000 

7 6 

Hot rolled 

67 

198,300 

8 2 

Normalized 

67 

196,900 

9 3 

Annealed 

67 

174,900 

5 5 
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62. Mechanical Properties of Spring Wire. — There are three 
principal grades of carbon-steel wire used for springs,* known 
commonly as hard-drawn wire, oil-tempered wire, and music 
wire. Eakin^®®^^ gave the following details: 

Hard-drawn spring wire is usually drawn from basic open- 
hearth steel containing 0.50 to 0.70 per cent carbon, 0.70 to 1.10 
per cent manganese, 0.10 to 0.20 per cent silicon, and less than 
0.04 per cent sulphur and phosphorus. The rods are drawn, with 
or without prior patenting, to finished size if large, or with an 
intermediate annealing or lead patenting for small sizes. 

Oil-tempered spring wire is drawn from basic open-hearth steel 
of about the same analysis as the hard-drawn wire. As oil- 
tempered wire is usually fairly large in size, the practice consists 
of drawing the rods, after annealing or patenting, to finished 
size and then heat treating by quenching in oil and tempering in 
oil or lead. The wire is not cold worked further after this heat 
treatment. 

Music wire is the highest grade of wire made. The rods are 
rolled from carefully selected acid open-hearth or electric-furnace 
steel containing 0.70 to 1.00 per cent carbon, 0.25 to 0.50 per cent 
ipanganese, 0 10 to 0 20 per cent silicon, and less than 0 025 per 
cent sulphur and phosphorus. The rods are given a prior patent- 
ing, and are then cold drawn, lead patented, and drawn again to 
finished sizes, and may have in the smaller sizes tensile strengths 
exceeding 400,000 lb per sq. in. 

There is also a fourth variety, known as heat-treated high- 
carbon springs. These are made from open-hearth or electric 
steel wire containing 0.80 to 1.00 per cent carbon and 0 35 to 
0.45 per cent manganese, drawn to size, with or without prior 
annealing or patenting, and annealed. The springs are then 
formed and are heat treated (spring tempered) after forming. 
The tensile properties of this material are about the same as, or a 
little higher (because of the higher carbon content) than, those of 
oil-tempered wire. 

Representative tensile strengths plotted against the size of the 
wire for the three grades just described are given in Fig. 38. 
The curves marked music wire, oil-tempered wire, and hard- 
drawn wire are from Eakin, the curve marked Premier from 

* A number of alloy steels and a few non-ferrous alloys are also used 
for springs. 
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unpublished data* on the properties of a high-grade acid open- 
hearth spring wire containing about 0.65 per cent carbon and 
1.00 per cent manganese, made by a prominent Ame^'’"" wire 
manufacturer. 



Siaco ) 

D. EFFECT OF AGING AND SUBSEQUENT HEAT TREATMENT 

Cold-worked products may, after the final cold drawing or 
rolling, receive any of a variety of heat treatments ranging from 
reheating to slightly above room temperature, or annealing at 
the recrystallization temperature — lOO^C. (750°F.) or above, 
depending upon composition, amount of cold work, and other 
variables — to annealing above the critical range; or they may be 
quenched and tempered, depending upon the mechanical proper- 
ties or structural condition desired in the finished product. In 
addition, cold- worked steel may age harden at room temperature 
if given enough time. 

In general, thermal treatments which produce almost complete 
recrystallization — full annealing or quenching and tempering — 
affect the properties of cold-worked steel in much the same way 
as they affect thosa of hot-worked material. Typical tensile 


* Sisco 
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properties of annealed low-carbon Bessemer and basic wires are 
given in Tables 31 and 32 (bages 117 and 118), and of quenched 
and tempered (oil-tempered) high-carbon wire in Fig. 38. 
Except for the brief discussion of annealing given later in 
section 66, the effect of thermal treatments which produce com- 
plete recrystallization is given no further attention in the present 
chapter; a complete discussion of these effects is contained in 
the next chapter. 

63. The Effect of Aging at Normal Temperature on Properties. 

The mechanism of aging has been discussed in detail in Volume I 
of this monograph (Chapter XII, pages 384 to 396). As noted 
there, the spontaneous increase in hardness at room temperature 
with time is primarily a precipitation effect which occurs fre- 
quently in low-carbon steels after quenching (quench aging) or 
after straining (strain aging). Strain hardening also occurs in 
pure single-phase metals. Quench aging is not important in 
connection with a discussion of the properties of cold-worked 
steels; strain aging is important as its effects, the changes in 
mechanical properties caused by precipitation of carbide or other 
particles, are induced by the cold working. The same change 
in properties caused by aging for a relatively long time at normal 
temperature may take place in a few minutes (for small sections) 
if the material is heated slightly 

The effect of strain aging on the properties of high-purity iron 
and very low carbon steel (about 0 02 per cent carbon) has been 
discussed in a previous monograph and is not repeated here 
In Volume I of this monograph (Chapter XII, page 394) Epstein 
quoted data which indicate that the increase in hardness after 
strain aging is less than that caused by quench aging, but the 
embrittlement due to strain aging may be greater. Thus, cold 
working a low-carbon ‘‘aging'' steel reduced the impact value 
to less than 10 ft-lb. as compared with a value of about 40 ft-lb. 
for a “non-aging" steel similarly cold worked. 

A series of tests on the effect of aging on mechanical properties 
was reported by Adam.^^^^^ The steel used contained 0.11 
per cent carbon, 0.53 per cent manganese, 0.06 per cent silicon, 
0.037 per cent sulphur, and 0.051 per cent phosphorus, and was 
drawn into wire large enough so that the impact resistance could 
be determined. The diameter of the rod, the diameter of the 
wire, reduction m area in drawing, and speed of drawing for five 
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of the eight series reported by Adam are given in Table 37. 
The reduction was carried out in one draft. Specimens were 
tested as drawn, no machining was done other than milling the 
notches for the Izod specimens. 

Some of Adames results are given in Table 38. Aging increased 
the tensile strength of this particular steel 10 to 15 per cent (with 
the exception of series H where the increase was only 6 per cent) 
and the yield strength between 10 and 20 per cent. Proportional 
limit was increased 250 to 300 per cent. The ductility was 
reduced; this is most marked in the impact values for all but 
series E (not reproduced) and F; but the values for elongation 
and reduction of area were also lowered appreciably. Adam 
also gave values for modulus of elasticity. Aging increased 
the modulus of every series from 3 to 9 per cent, corresponding 
to an actual increase of 780,000 to 2,350,000 lb per sq in 


Table 37 — Drafting Practice for Wire Containing 0 11 Per Cent 
Carbon, the Properties of Which Are Given in Table 38* 


Senes 

Original 
diameter, in 

Reduced 
diameter, in 

Reduction of 
area in draft- 
ing, per cent 

Speed of 
drawing, in 
per min 

B 

0 4704 

0 4490 

8 7 

3 163 


0 5293 

0 4490 

28 02 

2 988 

. F 

0 5897 

0 4492 

41 95 

2 998 

H 

0 6548 

0 4490 

52 98 

2 947 

I 

0 6861 

0 4476 

57 45 

2 912 


* Brown, according to Adam 


In a study of the effect of aging on low-carbon steel at atmos- 
pheric temperature, PfeiP^^®^ found that the maximum aging 
effect was produced (with sections from 0 06 to 0.50 in. diameter) 
in about one month. Tliis is not in agreement with the results 
reported by Adam^^^®^ (Table 38) which show that in most of the 
series there was an appreciable increase in strength upon aging 
from 28 to 200 days. Moreover, PfeiPs results do not agree with 
the results of Koster, von Kockritz, and Schulz, discussed 
on page 157. These investigators found that in the sample aged 
at normal temperature there was an increase in tensile strength 
up to the third month. 
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Pfeil determined tensile strength only and found that the 
increase resulting from aging wire which had been reduced 98 per 


Table 38 . — Effect of Aging on the Mechanical Properties of Low- 
carbon Wire Drawn as Indicated in Table 37 * 


Senes 

Interval 
between 
drawing and 
testing, days 

Tensile 
strength, 
lb per 
sq in 

Yield 
strength,! 
lb per 
sq 111 

Proportional 
limit, lb 
per sq in 

Elonga- 
tion in 

4VI, 

per cent 

Reduc- 
tion of 

area, 

per cent 

Izod- 

impact 

value, 

ft-lb 

A 

t 

66,800 

32,400 

23,600 

43 83 

67 50 

99 34 

B 

H4 

59 , 800 

61,700 

9,700 

36 80 

70 84 

47 6 


1 

61,600 

64,000 

21,100 

26 44 

68 31 

43 3 


8 

• 64,600 

69,100 

27,700 j 

28 30 

67 48 

32 1 


28 

67,000 

62,000 

33,100 

26 16 

67 60 

19 8 


223 

68,800 

61,900 

32,900 

26 15 

66 33 

16 3 

D 

H 4 

74,400 

66,700 

11,600 

22 02 

62 23 

9 2 


2 

76,400 

70,800 

13,200 

22 02 

60 68 

1 6 2 


7 

79,600 

74,600 

23,600 

18 87 

62 03 

4 8 


24 

84,900 

79,100 

26,400 

16 72 

66 98 

4 3 


216 

83,900 

79,600 

29 , 300 

18 87 

68 03 

4 9 

F 

H 4 

84,300 

77,800 

14,400 

18 87 

65 63 

7 32 


1 

86,600 

80,800 

19,900 

18 24 

62 22 

6 78 


7 

91,700 

86,800 

22 , 800 

16 10 

66 69 

4 07 


26 

91,800 

88,600 

31 , 400 

13 84 

60 46 

5 00 


188 

96,800 

92,300 

33,800 

13 84 

60 46 

7 47 

H 

H 4 

92 , 700 

86,800 

16,300 

16 36 

50 63 

26 9 


1 

92,600 

87,000 

19,700 

16 72 

61 28 

13 1 


7 

96,700 

94,800 

26,600 

12 68 

47 86 

7 5 


28 

97,400 

94,800 

33,600 

12 89 

48 37 

8 69 


190 

99,000 

96,100 

33.800 

13 20 

48 99 

10 3 

I 


90,000 

87,200 

16,100 

13 66 

49 20 

32 6 


1 

98,100 

92,600 

17,700 

14 29 

49 80 

29 12 


7 

97,900 

96,700 

24,600 

12 68 

61 40 

13 87 


26 






18 82 


191 

101,900 

100,600 

32,700 

11 73 

47 26 



♦ Brown, according to Adam • 

t Reported as yield point 
X Annealed bar 


cent by drafting varied from 5200 lb. per sq. in. for wire con- 
taining 0.11 per cent carbon to 7800 lb. per sq. in. for wire 
containing 0.014 per cent carbon, or 4 to 10 per cent. The 
increase was apparently independent of the amount of reduction 
in drafting. 
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The results obtained by Adam and by Pfeil on the effect of vary- 
ing reductions in drafting were not confirmed by a recent report 
by Hudson/®®®^ In connection with work on the corrosion of 
hard-drawn wire, it was found advisable to determine the effect of 
aging, if any, on mechanical properties. Samples of wire con- 
taining 0.22 per cent carbon, 0.60 per cent manganese, and 0.04 
per cent silicon were sent to eight laboratories for tests as received 
and after aging for one year. It was found that the actual break- 
ing load of wire approximately 0.25 in. in diameter, which had 
undergone a 24 per cent reduction of area in drafting, had 
increased 3.7 per cent after aging one year, and the elongation 
value had fallen 14 per cent. In the case of smaller wires (about 
0 135 and 0.065 in. in diameter), which had received 78 and 75 per 
cent reduction respectively, no definite change in the mechanical 
properties could be detected. Hudson considered “that the 
change in properties of hard-drawn wire upon aging is determined 
to some extent by the degree of previous cold working.^' 

From these results it may be concluded that, if low-carbon 
steel is of the quality known, for lack of a better name, as “aging 
steel,” cold-worked sections will age at atmospheric temperature 
which results in somewhat higher tensile- and yield-strength 
values and lower elongation, reduction of area, and impact 
resistance. Under the same conditions, the proportional limit 
may be doubled or even tripled. 

Data on the relation between amount of reduction in cold 
working and the effect of aging on the properties are so erratic 
that no conclusions can be formulated. This is discussed in 
section 66. 

64. Effect of Low-temperature Heating on Properties of Wire. 

While the general effects of cold working are to increase hardness 
and strength and decrease plasticity, various properties are 
affected in various ways. Thus, according to Jeffries and 
Archer, ^^ 26 ) elastic limit is sometimes lowered to zero by 

cold working but may be restored by aging or heating at low 
temperatures to a value which may be much higher than its 
original value. . . . The yield strength is probably affected 
more by cold work than any other property of the hardness 
group.” These phenomena are clearly shown in Table 38; 
cold working reduces the proportional limit to a low value, but 
aging increases it to a value much higher than the original 
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(annealed) value; cold working increases the yield strength 
until it is almost equal to the tensile strength (compare the 
unaged yield-strength values for series B and series H and I), 



Reheating to temperatures between 100°C. (210°F.) and the 
recrystallization temperature speeds up these changes so that 
they take place in a few minutes, instead of days or even months. 
This is shown by the investigations of Koster, von Kockritz, and 
Schulz/®®®^ Greaves/^®®^ and Rees.^^®^^ 
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The first-named used a steel with 0.10 per cent carbon, 0.41 
per cent manganese, 0.01 per cent silicon, 0.033 per cent sulphur, 
0.026 per cent phosphorus, 0.10 per cent copper, and 0.006 per 
cent nitrogen. Specimens 10 mm. (0.394 in.) in diameter by 
100 mm. (3.94 in.) gage length were cold worked by stretching 
until they elongated 18 per cent. They were then aged at various 
temperatures for various times Results, plotted on a logarith- 
mic scale, are given in Fig 39. These show that, for the steel 
used, for the method of cold working, for the size of specimen 
and times of heating, the tensile strength of the specimens held 



Fig. 40. — Stress-strain curves for a cold-drawn 0 74 per cent carbon steel, 
reheated 1 hr at the indicated temperatures {Greaves 


at normal temperature did not increase materially until after 3 
or 4 days of aging Yield strength was affected sooner, increas- 
ing after about 6 hr. Aging at 60°C (140°F ) sped up the 
changes to about 1 hr. for the tensile, and a few minutes for the 
yield strength. Heating to 100°C. (210°F ) or above produced 
aging in a very few minutes. 

The greatest increase in tensile and yield strengths resulted 
from heating at 250°C (480°F.), but holding at this temperature 
caused a progressive lowering of both tensile and yield strengths 
after 6 to 12 hr. This is even more marked in the specimens 
heated at 350°C. (660°F.), especially in the yield strength which 
decreased after heating for 1 to 2 hr. Values for reduction of 
area were lowered almost immediately by reheating but were 
affected very little more by increasing the heating time. For 
example, after 10 min. heating at 180 and 250°C. (355 and 480‘^F.) 
the values for reduction of area were 62 5 and 64,3 per cent 
respectively. After 3 months at these temperatures the values 
were 63 and 64 per cent. 




Eiongatfon, per cent 
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Temperature of treertmerr^deg F. 

200 400 600 800 1000 



Fia. 41. — Tensile properties of a cold-drawn 0 74 per cent carbon steel, reheated 
1 hr. at the indicated temperatures {Or eaves 



Fig. 42. — Effect of time of reheating at 200®C. (390® F ) on the tensile properties 
of 0.74 per cent carbon steel. ((7rea»e«.<^*®>) 
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Greaves^^^®^ studied the effect of reheating on the properties 
of a cold-drawn high-carbon gun wire containing 0.74 per cent 
carbon, 0.74 per cent manganese, and 0 14 per cent silicon. 
His stress-strain curves are reproduced in Fig. 40; the horizontal 
arrows show the elastic limit (for 0 005 per cent permanent set) 
and the vertical arrows the yield strength (representing 1 per 
cent total deformation). The effect of reheating for 1 hr at 
the temperatures shown is clearly indicated. The maximum 
tensile and yield strengths for this steel resulted from a reheating 
temperature of 200°C. (390°F.). Values for the effect of reheat- 
ing for 1 hr. on tensile properties and hardness are plotted in 
Fig. 41. Greaves also determined the effect of time at 200°C 
(390°F.) on the tensile strength, yield strength, and elastic limit 
These values are plotted in Fig 42 


Table 39 — Propekties of Cold-drawn Steels Annealed at Low 
Temperatures for 1 Hr * 



Tensile 

Porpor- 
tional 
limit, 
lb per 
sq in 

Yield 

Elonga- 

Reduc- 

Treatment 

strength, 
lb per 
sq in 

strength,! 
lb per 
sq in 

i 

tion in 

2 in , 
per cent 

tion of 

area, 
per cent 


Steel containing 0 04 per cent carbon 


Before drawing 


66,400 

29,100 

38,100 

36 

6 

69 

After drawing 


58,800 

44,800 

72,600 

17 

0 

54 

Annealed at 100°C 

(210‘’F) 

80,600 

49,300 

71,600 

21 

0 

59 

Annealed at 200°C 

(390°F ) 

79,800 

47,000 

71,600 

20 

0 

67 

Annealed at 300®C 

(670‘’F ) 

78,800 

56,000 

71,600 

21 

0 

66 

Annealed at 460°C 

(840°F ) 

79,800 

61,600 

61,800 

26 

0 

66 

Annealed at 550®C 

(1020°F) . 

68,100 

49,300 

60,000 

28 

0 

66 

Annealed at 600°C 

(1110°F) 

61,800 

24,600 

60,500 

30 

0 

69 

Annealed at 650°C 

(1200®F ) 

52,900 

15,700 

28,200 

42 

b 

73 


Steel containing 0 85 per cent carbon 


Before drawing 

138,900 

66,000 

69,400 

16 0 

22 

After drawing 

169,000 

49,300 

126,600 

6 0 1 

18 

Appealed at 100®C (210®F ) 

161,300 

63,600 

136,600 

6 0 

17 

Annealed at 200®C (390«F ) 

168,000 

107,600 

160,000 1 

6 0 

14 

Annealed at SOO^C (670®F ) 

168,000 

109,800 

146,600 

6 0 

14 

Annealed at 450°C. (840«F ) 

166,800 

98,600 

116,600 

8 6 

17 

Annealed at 660®C (1200‘»F ) . 

130,000 

71,700 

80,600 

14 0 

29 

Annealed at 700®C. (1290‘‘F ) 

116,600 

40,300 

56,000 

23 6 

38 


♦ Rees 007) 

t StreM for a permanent change in dimension of 0 2 per cent 
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The effect of reheating two steels, containing 0.04 and 0.85 per 
cent carbon respectively, for 1 hr. at various temperatures was 
investigated by Rees.^^®^^ His results are given in Table 39 
Both steels received a relatively small amount of cold working; 
the low-carbon material was reduced 14 8 per cent and the 
high-carbon steel only 8.1 per cent The reheating treatment 
did not affect greatly the proportional limit of the low-carbon 
steel, but in the high-carbon material this property was almost 
doubled by heating to 200 to 300°C (390 to 570°F.) 

Although galvanizing is, strictly speaking, not a reheating 
process, its effect upon the properties of cold-worked material 
should be mentioned briefly In passing rapidly through a 
bath of molten zinc, the surface, and probably the material near 
the surface of the steel, becomes heated to approximately 470°C 
(880°F). The tensile strength is usually decreased and the 
elongation increased * Adam^^^®^ gave the following average 

percentage changes of properties in galvanizing wires containing 
0.12, 0 60, and 0.80 per cent carbon, after drawing 2, 3, 4, 5, and 
6 drafts: 


Carbon, 
per cent 

Percentage change in 

Tensile 

strength 

Elongation 

Torsion 

Bend 

0 12 

-12 

* +200 

- 8 

0 

0 60 

- 7 6 

+ 85 i 

-31 

-43 

0 80 

-10 

+ 7 1 

-63 

-67 


The embrittling effect of galvanizing is evident in the lowered 
number of torsions and in the lowered bend values in the high- 
carbon wire The embrittlement caused by galvanizing is 
discussed in Volume I, section 137, of this monograph as a pos- 
sible factor in the failure of high-carbon bridge wire. 

66. Effect of Low-temperature Heating on Properties of Cold- 
rolled Strip. — Swinden and Bolsover^239) investigated the effect 
of heating for 1 hr. at 100 to 700°C. (210 to 1290°F.) on the 
mechanical properties of strip steel which had been reduced 

* This IS true for cold-drawn matenal, but on annealed sheets the effect of 
galvanizing is just the reverse; the tensile strength is increased and the 
elongation decreased by galvanizing 




PROPERTIES OF COLD-WORKED STEELS 


161 


33 and 67 per cent in thickness (from 0.30 to 0.20 and 0.10 in.) 
by cold rolling The complete analyses of the steels used are 
given on page 123. Data on the tensile strength and elongation 
are given in Table 40. Minimum proof stress (0.1 per cent 
permanent elongation), shear strength, and Brinell hardness 
were also determined 


Table 40 — Effect of Heating on the Properties of Gold-rolled 

Strip* 


j 

Reheated 1 hr 
at 

Steel A (0 10 % 
carbon) 

Steel B (0 34 % 
carbon) 

Steel C (0 64 % 
carbon) 

Steel D (0 70 % 
carbon) 

Tensile 
strength, 
lb per 
sq in 

Elon- 

gation 

m 

per 

cent 

Tensile 
strength, 
lb per 
sq in 

Elon- 

gation 

in 

4V2, 

per 

cent 

Tensile 
strength, 
lb per 
sq in 

1 

Elon- ! 
gation 

in 

4\/l, 

per 

cent 

Tensile 
strength, 
lb per 
sq m 

Elon- 

gation 

in 

4\/I, 

per 

cent 


®F 


Reduced 3^ per cent m thickness 


1 

Cold rolled 

84 , 600 

16 0 

126,200 

10 

0 

146,000 

8 

1 

4 

163,300 

11 4 

100 

210 

84,500 

14 0 

126,700 

12 

7 

146,700 

9 

3 

168,900 

10 7 

200 

390 

85,000 

16 7 

129,700 

12 

0 

161,400 

9 

3 

175,800 

11 3 

300 

570 

83 , 800 

17 3 

130,800 

14 0 

152,100 

10 7 

174,300 

12 0 

400 

760 

79,300 

22 0 

123,900 

16 

0 

144,700 

14 

0 

166,600 

12 7 

600 

930 

73,400 

26 7 

116,100 

20 

7 

133,200 

14 

7 

165,300 

16 7 

600 

1110 

51,900 

60 0 

89,400 

32 

0 

112,900 

23 

3 

136,600 

20 7 

700 

1290 

61,700 

48 0 

78,000 

38 

1 

91,800 

32 

0 

113,100 

26 0 


Reduced 67 per cent in thickness 


1 

Cold rolled 1 

103,000 

8 

7 ! 

154,100 

8 

2 

181,800 

6 

4 

198,400 

8 

2 

100 

210 

103,200 

11 

1 

163,400 

7 

3 

182,200 

8 

2 

204,600 

0 

1 

200 

390 

101,700 

10 

9 

154,400 

8 

2 

187,500 

9 

1 

216,400 

10 

0 

300 

570 

100,600 

10 

0 

166,700 

11 

8 

187,000 

10 

0 

218,000 

10 

0 

400 

760 

94,500 

20 

9 

143,600 

■ 16 

6 

173,800 

11 

8 

197,100 

11 

8 

500 

930 

84,000 

21 

8 

121,200 

18 

2 

144,700 

16 

4 

165,700 

13 

6 

600 

1110 

66,600 

56 

4 

89,400 

36 

4 

110,700 

25 

4 

136,100 

20 

0 

700 

1290 

61 , 300 

64 

* 

75,600 

40 

0 

89,400 

37 

3 

10a,600 

29 

1 


* Swinden and Bolsover 


Swinden and Bolsover concluded from their results that the 
tensile strength increases with heating temperature, in all 
specimens except the 0 10 per cent carbon strip, until approxi- 
mately 300®C. (670°F) is reached and decreases with higher 
temperatures Proof stress increases and decreases at approxi- 
mately the same rate as the tensile strength. 
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It will be noted from Table 40 that the elongation remained 
the same or decreased slightly when the material was heated to 
300®C. (570°F.) or below. With higher heating temperatures 
the elongation increased slowly until the recrystallization 
temperature was reached, 600®C. (1110°F.) or above, when it 
increased rapidly to a percentage characteristic of annealed 
material. In general it was found that the percentage reduction 
of area of the test piece followed the same trend as the elongation 

Brinell-hardness values were somewhat irregular; in general, 
they increased with tensile strength but at a somewhat greater 
rate, thus reducing for the higher temperatures the ratio between 
these two values. For example: steel A had a hardness over 
tensile-strength ratio of 0.227 and 0.220 as cold rolled to 33 and 
67 per cent reduction of thickness, and of 0.208 and 0.194 after 
heating 1 hr. at 700°C. (1290®F.). There were similar lowered 
ratios for the other steels. Shear stress followed the same trend 
as tensile strength, but neither the increase for temperatures up 
to 300°C. (570°F.) nor the decrease for higher temperatures was 
so great as in tensile strength and proof stress 

Swinden and Bolsover also determined the effect of time of 
holding at 700°C. (1290®F.) on the properties of steel D (0.70 per 
cent carbon) after a 76 per cent reduction in thickness in cold 
rolling. The tensile strength decreased from 125,400 lb. per 
sq. in. for 30 min. at 700®C. to 86,500 lb. per sq in, for 6 hr. 
Shear stress also decreased, but percentage elongation and 
reduction of area were but slightly affected. 

66. Davenport and Bain’s Conclusions Regarding Strain 
Aging. — One of the noteworthy characteristics of the data on 
aging at room temperature and on the effect of slightly elevated 
temperatures on the mechanical properties of cold-worked steel 
is the inconsistency of many of the results. For example, 
Pfeil, Adam, Hudson, and others (see pages 152 to 155) do not 
agree upon the time when the maximum aging effect (at room 
temperature) is apparent, or on the relation between age harden- 
ing and the amount of reduction in drafting. 

In a recent report of an elaborate study of aging, Davenport 
and Bain concluded that hardening due to strain aging was 
caused by the fact that ferrite, apparently supersaturated with 
oxygen, rejects an iron-oxygen compound in the slip bands. 
These investigators also showed that the effects of strain aging 
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can be lessened by a pre-aging treatment [for example, prior 
heating to 100®C. (210°F.) or higher, depending upon the 
material]. If Davenport and Baines conclusions are accepted, 
the reason for the erratic results on age hardening by the various 
investigators becomes clearer. Obviously, the amount of age 
hardening which takes place at room (or higher) temperature 
depends on two widely varying factors: the amount of oxygen 
m the steel, and the treatment prior to cold working. The 
last variable, especially, may be responsible for erratic results, 
even in the same investigation. Davenport and Bain showed 
that pre-aging at one temperature prevented any increase in 
hardening upon subsequent aging, but pre-aging at a higher 
temperature did not prevent subsequent age hardening. 

Obviously, to determine the effect of such a variable as the 
amount of cold reduction on subsequent age hardening, all of the 
specimens must be from the same heat and must contain, pre- 
sumably, the same amount of oxygen. Moreover, the thermal 
treatment prior to cold working must be carefully controlled so 
that subsequent age hardening will not be inhibited to a greater 
extent in one specimen, or one senes of specimens, than in 
another. If such careful control of these variables is necessary 
to secure consistent results in a single investigation, it is obvious 
that accurate conclusions on the effect of age hardening on tensile 
properties from two or more different investigations are exceed- 
ingly difficult to obtain. 

67. Softening by Annealing. — The annealing temperatures and 
the time at a given temperature required to remove completely 
the hardness resulting from cold work depend upon the composi- 
tion of the steel and the amount of cold work; the temperature 
decreases as the amount of reduction by rolling or drafting 
increases. The following shows temperatures used commercially 
in the bright annealing of low-carbon hard-drawn wire: 


Size of wire, in 

Annealing temperature 

"C, 

®F. 

0.080 or larger 

620 to 660 

1160 to 1200 

0.062 to 0 018 . . 

480 to 510 

900 to 960 

0 016 or smaller 

400 to 426 

750 to 800 
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Low-carbon strip and sheet are annealed at 600 to 760^^0. 
(1110 to 1400®F.) ; the higher ranges are used for black annealing 
and the lower temperatures for bright (scale-free) annealing. 

A large proportion of the tonnage of cold-drawn wire and cold- 
rolled strip is annealed before being used. The properties of 
such material depend chiefly upon the carbon content and, as 
already stated, do not differ greatly from the properties of hot- 
rolled and annealed carbon steels discussed in the next chapter; 
therefore, they have received no more than a casual mention here 
"Typical properties of annealed low-carbon wire are given in 
Tables 31 and 32 (pages 117 and 118); those of a 0.04 per cent 
and a 0.85 per cent carbon steel, annealed at 600 and 650®C. 
(1110 and 1200®F.) in Table 39 (page 159); those of a 0.74 per 
cent carbon-steel wire in Fig. 41; and those of strip of varying 
carbon content in Table 40 and on page 162. Typical properties 
of commercial cold-rolled and annealed automobile-body sheet 
are given in Table 35 (page 137). Although the tensile properties 
alone do not determine the suitability of annealed low-carbon 
sheet for deep drawing, the best range of values is, as stated on 
page 138, 40,000 to 46,000 lb. per sq in tensile strength, 60 to 70 
per cent yield ratio, and 40 to 50 Rockwell B hardness. 

Data on properties showing the correlation between the anneal- 
ing temperature and the amount of reduction in cold-rolled high- 
carbon strip, containing 0.65 per cent carbon, 0 28 per cent 
manganese, and 0.04 per cent silicon, are given in Fig. 43 from 
Pomp and Poellein.^^®^^ The specimens were of the thickness 
given in Fig 43 and had a 50-mm. (1.97-in ) gage length; they 
were annealed for 4.5 hr. at the temperatures shown. Con- 
siderable softening was evident in the specimens heated to 550 
and 600°C. (1020 and 1110°F.), and complete softening occurred 
when the temperature was 650®C. (1200°F ) and above. 

If steels of a very low carbon content are cold rolled with a 
small reduction in cross-section and then reheated to within a 
certain temperature range, very large ferrite grains are formed, 
and the steel, or ingot iron, has properties characteristic of a 
coarse-grained material. According to Korber,^®®^ annealing at 
temperatures between 650®C. (1200°F.) and the Az temperature 
produces very coarse grains in critically strained'' ferrite. 
Kinsky^®^^ recently outlined the conditions responsible for the 
formation of coarse columnar crystals in sheet steel and pointed 
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Flo 43. — Tensile properties of 0.86 per cent carbon strip, cold rolled with 
the reductions shown and annealed 4.6 hr. at the indicated temperatures 
{Pomp and PodleinM^^^) 
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out that a decarburized surface was a prerequisite for the forma- 
tion of such crystals. Recrystallization, grain growth, and the 
effect of annealing after cold working in high-purity iron and 
iron-carbon alloys containing 0.02 or 0.03 per cent or less carbon 
have been discussed in detail in a previous monograph of this 
series. 

Nead, Mahlie, and Dittrich,* in their investigation of the 
effect of rolling and annealing on the properties of 0.05 per cent 
carbon continuous-mill strip, found critical straining after anneal- 
ing at 650°C. (1200°F.) in bands, flat rolled with a finishing 
temperature of 880°C. (1615°F.) after cold rolling with reductions 
of 5 to 15 per cent, and after annealing at 705°C. (1300°F.) in 
flat-rolled bands, finished at 790°C. (1450°F.) with the same 
cold reductions. No large grains were observed with any 
reduction or with any annealing temperature in bands finished 
at 730°C. (1345°F ). Properties for the strip finished at 880°C. 
(1615°F.) and annealed at 650°C. (1200°F.) were as follows: 


Reduction by 
cold rolling, 
per cent 

Tensile 
strength, 
lb per sq m. 

Yield 
strength, 
lb per sq in 

Yield ratio, 
per cent 

Elongation, 
in 2 in , 
per cent 

2 

50,300 

33,500 

66 4 

34 0 

5 

51,000 

35,300 

69 1 

31 0 

10 

48,500 

32,400 

66 9 

19 0 

15 

45,000 

25,500 

56 6 

31 0 

17 5 

46,000 

26,800 

58 2 

30 0 


Pomp^^®^^ noticed a coarsening of the grain in a 1.2 per cent 
carbon steel annealed at 700°C. (1290°F.) after cold drawing with 
5 to 15 per cent reduction in area. This coarsening was accom- 
panied by a lowering of the elastic limit from 53,500 to 35,700 lb. 
per sq. in., and a lowering of the yield strength from 63,900 to 
45,200 lb, per sq. in. The lowest values corresponded to reduc- 
tions in area of about 13 per cent. 

According to Brophy and Wyman, the annealing charac- 
teristics of cold-worked normal and abnormal steels (normality 
was judged by the McQuaid-Ehn carburizing test) differ. Fig- 
ures 44 and 45 show hardness versus annealing-temperature 
curves for a normal and an abnormal steel respectively. The 
* See footnote, p 102. 






600 625 650 675 700 725 750 77$ 800 

Annecilmg +emper«+ure,c(eg C. 

Fig. 46 — Hardness versus annealing temperature for abnormal steel con- 
taining 0 73 per cent carbon and 0.46 per cent manganese (Brophy and 
Wyman 
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normal steel contained 0.71 per cent carbon, 0.46 per cent 
manganese, and 0.07 per cent silicon; the abnormal steel con- 
tained 0.73 per cent carbon, 0.45 per cent manganese, 0.07 per 
cent silicon, and 0 05 per cent chromium. The steels were in 
the form of strips, and samples were annealed for 4 hr. at the 
indicated temperatures. Even though the steels had almost 
identical compositions, they softened to different degrees when 
annealed at temperatures between 600 and 750°C. (1110 and 
1380°F.). 

E. AUTHOR’S SUMMARY 

1. Iron and steel can be worked by rolling or drawing at or 
near atmospheric temperature into sections of a variety of 
shapes and sizes Many of these sections can be produced more 
economically by cold working than by any other process of 
mechanical treatment. Moreover, certain desired properties, 
including very high tensile strength, which are difficult or even 
impossible to attain by hot working and subsequent heat treat- 
ment can be readily attained by cold working 

2. The principal effect of cold work is to increase strength 
and hardness and decrease ductility The change in properties 
is dependent chiefly upon the amount of cold working 

3. All grades of carbon-steel wire, regardless of the original 
structural condition, increase in tensile strength by approximately 
the same amounts with equal amounts of cold work. Irrespec- 
tive of the original value, the percentage elongation always 
drops to a low value after approximately 10 per cent reduction 
by drafting and is affected slightly by further cold working 

4. The tensile strength of hard-drawn wire depends primarily 
upon the amount of reduction per draft and upon the number of 
drafts. According to some investigators, the properties are 
independent of the speed of drawing, the lubricant, or the shape 
of the die. There is apparently some question about the accu- 
racy of this statement, at least in the case of high-quality wire. 

5. The tensile strength of commercial hard-drawn — i.e.y 
with reductions of 85 to 98 per cent without intermediate anneal- 
ing — low-carbon wire is about 2.5 times the strength of the hot- 
rolled rod from which it is drawn; for basic open-hearth steel the 
tensile strength is approximately 125,000 lb. per sq in., for 
Bessemer steel it is about 150,000 lb. per sq. in. Elongation for 
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both grades is usually 2 per cent (in 10 in.) or less. Annealing 
partially, or in some cases almost completely, recrystallizes the 
wire and destroys most, or nearly all, of the effects of cold work, 
resulting in a tensile strength which is as low or lower, and an 
elongation which is as high or higher, than that of the original 
hot-rolled rod One draft after annealing increases the tensile 
strength 10 to 50 per cent depending upon the size and the 
percentage reduction by the draft; it decreases the percentage 
elongation from the high value characteristic of annealed material 
to 1 to 5 per cent. 

6. For cold-drawn wire, cold-rolled rod and strip, and cold- 
drawn tubes containing 0.10 to 1 40 per cent carbon data are 
presented which show that the increase in tensile and yield 
strengths and the decrease in percentage elongation are propor- 
tional to the amount of reduction in cold working and are 
practically independent of the amount of carbon in the steel 
Hardness is increased by cold working but does not maintain such 
a definite relation to the tensile strength as it does m material 
which is not cold worked. 

7 For the same total reduction by cold working, heavy drafts 
increase the tensile and yield strengths more than light drafts. 

8 Finishing temperatures of hot working affect the tensile 
properties of cold-drawn, and of cold-drawn and annealed, 
low-carbon strips. Higher tensile strength in the cold-drawn 
strip results from a finishing temperature of 880°C. (1615°F ) 
than from finishing temperatures of 730 and 790'^C. (1345 and 
1450°F.). The yield ratio for strip finished at all three tempera- 
tures becomes 100 per cent for 20 to 25 per cent cold reduction 
The elongation values (in 2 in.) are lowered by cold rolling to 
approximately 2 per cent with reductions of about 35 per cent 
Further cold working has little effect. In general, the best 
properties of annealed strip result from hot rolling flat with finish- 
ing temperatures of 790^^0. (1450°F.) or above. Coiling the 
hot-rolled strip is apparently responsible for a lower elongation 
in the annealed sheet. Conclusions are given which correlate 
the mill and annealing practices with the deep-drawing properties. 

9. Wire drawn from medium- and high-carbon rods which have 
been patented before drajwing has a higher tensile strength than 
wire drawn from unpatented rod. The fine pearlitic structure 
which results from patenting is more desirable for material which 
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is to be drawn into high-strength wire than the lamellar pearlite 
usually present in the unpatented (hot-rolled) rod. The tensile 
strength of wire drawn from annealed rod is much lower than that 
of wire drawn from patented rod. 

10. High-strength medium-carbon wire drawn from lead- 
patented rod has approximately the same tensile strength in 
the larger sizes as wire similarly drawn from air-patented rod. 
In finer sizes (0.06 in. or smaller) the tensile strength of the wire 
drawn from lead-patented rod is higher. The improvement in 
properties caused by lead patenting is even more striking in high- 
carbon material. 

11. Varying the patenting temperature has little effect on the 
properties of the cold-drawn wire. The safe temperature range 
for patenting is extremely wide. The temperature of lead into 
which the wire is quenched does not affect the properties of the 
cold-drawn wire appreciably so long as it is kept in the range 
450 to 550^0. (840 to 1020°F ) 

12. Wire drawn from rod which has been oil quenched from 
about 980®C. (1796®F.) and tempered at 425 to 480°C (795 to 
895°F ) work hardens faster and becomes brittle much sooner 
than wire drawn from patented rod. The fine structure produced 
by oil quenching and tempering is quite unsatisfactory for with- 
standing cold flow. 

13. The tensile properties of 0 70 per cent carbon strip cold 
rolled to 65 per cent reduction in thickness from hot-rolled mate- 
rial are about the same as those of strip similarly rolled from 
normalized material. If the material is annealed before cold 
rolling, tensile strength and elongation are lower. 

14. If low-carbon steel is of the quality known, for lack of 
a better name, as aging steel,'^ cold- worked sections will age 
harden at atmospheric temperatures, which results in a 10 to 20 
per cent increase in tensile and yield strengths and lower values for 
elongation, reduction of area, and impact resistance. Under the 
same conditions, the proportional limit (as defined in Chapter I) 
may be increased 200 to 300 per cent. Data on the relation 
between the amount of cold working and the effect of aging on 
the properties are erratic. 

15. The changes which, on aging at pormal temperature, take 
place over long periods of time can be greatly accelerated by 
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heating even to 60^C. (140°F ), and at 100°C. (210®F.) they 
occur almost immediately. 

16. The reheating which takes place when cold-worked steel is 
galvanized usually decreases the tensile strength and increases 
the percentage elongation. Galvanizing has an embrittling 
effect evidenced by lower torsion and bend-test values 

17. Davenport and Bain have shown recently that the amount 
of hardening caused by strain aging after cold working is probably 
dependent upon the amount of oxygen in the steel and upon 
whether or not the material has received a treatment prior to 
cold working which pre-ages it and reduces its susceptibility to 
age hardening after cold working. If these conclusions are 
accepted, the inconsistent results obtained by different investi- 
gators on the effect of such variables as the amount of cold 
working and the like on age hardenability are more easily explain- 
able: the steels differed in oxygen content or in the treatment 
prior to cold working. 

18 The annealing temperatures and the times of holding at 
temperature which are necessary to remove the hardness caused 
by cold work depend upon the composition of the steel and 
the amount of cold work; the temperature decreases as the 
amount of cold working increases. The annealing characteristics 
of normal and abnormal steels differ 

19 After annealing at the recrystallization temperature or 
above, the properties of cold-worked steel are approximately the 
same as if the material had been hot rolled and annealed. These 
properties depend chiefly upon the carbon content and are dis- 
cussed in the next chapter. 



CHAPTER VI 


MECHANICAL PROPERTIES OF HEAT-TREATED 
CARBON STEELS 

Effect of Normalizing and Annealing — Effect of Q'nenching — Quenched 
and Tempered Low-- and Medium-carbon Steels — Quenched and Tem- 
pered High-carhon Steels — Author^ s Summary 

Statistics for the annual output of heat-treated steels are not 
published and probably are not compiled at all. From the 
annual production of rolled steel it may, however, be estimated 
roughly that less than 10 per cent receives any thermal treatment 
after hot or cold working except that which takes place spon- 
taneously when medium- and high-carbon steels of relatively 
small cross-section cool in air from the final rolling or forging 
temperature. If from this 10 per cent is deducted the alloy-steel 
production, most of which is heat treated before being used, and 
the tonnage of wire, sheet, and strip, which is annealed solely to 
remove the effects of cold work, it is probable that the amount 
of carbon steel which receives a heat treatment before being used 
commercially is considerably less than 1 per cent of the total 
steel production. The economic advantage of heat treatment is, 
however, great, even when restricted to carbon steels. It is 
impossible to estimate the increase in the commercial value of 
certain carbon steels resulting from heat treatment; it gives to 
these steels, however, a far greater proportion of the total value 
of rolled-steel production than the above percentage would 
indicate. The debt which industrial civilization owes to the 
phenomena included broadly under the term heat treatment has 
been so vividly pictured by so many writers that further dis- 
cussion of it is unnecessary. 

Mefthods used for heat treatment of commercial iron-carbon 
alloys, the principles underlying the various heat-treating opera- 
tions, and the accompanying constitutional changes have been 
adequately covered in the first volume of this monograph, nearly 
half of which is devoted to these subjects. It is only necessary, 
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therefore, to consider in this second volume the effect of thermal 
treatment on the properties of carbon steels. For convenience, 
this discussion has been divided into two parts; the present chap- 
ter deals with some of the data on the properties of heat-treated 
steels of small cross-section (represented principally by the stand- 
ard tensile-test specimens or small bars from which the test 
specimens are machined); in the next chapter are data on the 
effect of various thermal treatments on steels of varying cross- 
section, in other words, on the effect of mass (see page 215) on 
the properties * 

A. EFFECT OF NORMALIZING AND ANNEALING 

Normalizing was defined in Volume I, page 280, as the opera- 
tion of heating steel to approximately 55°C (100°F ) above the 
critical range folio w(‘d by cooling to below the range in still air 
at ordinary temperature Annealing (full annealing) was defined 
as heating above the critical range and holding above that range 
for the desired time, followed by slow cooling through the range 
As emphasized in Volume I, the difference between normalizing 
and annealing is primarily a difference in cooling rate and 
secondarily a difference in the temperature to which the material 
is heated 

68. Properties of Normalized Carbon Steels. — A large part of 
the hot-worked steel produced is actually in the normalized 
condition when cold; the finishing temperature for rolled or 
forged sections is often 40 to (70 to 110°F.) above the 

critical range, and the cooling is nearly always in still air. Thus, 
the properties of a normalized steel should differ but little from 
the properties of a hot-rolled steel of corresponding composition 

The tensile properties of a series of iron-carbon alloys of fairly 
high purity were determined by Arnold. The compositions 
were as shown in the table on page 174. 

Arnold melted 50-lb. heats in a crucible, cast them into 
3 X 3-in* ingots, and hammered and rolled the ingots to 
round bars. As the manganese and silicon contents were 
purposely kept at a minimum, the alloys were deoxidized with 
aluminum; all contained appreciable amounts of this element, 
probably in form of the oxide. Sections of the hot-rolled bars, 
heated to 1000°C. (1830°F.) and cooled in air, were machined to 
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test pieces 0.564 in. in the reduced section with a 2-in. gage 
length. The tensile properties are plotted in Fig. 46 The value 



Carbon, per cent 

Fig. 46. — Tensile properties of normalized iron-carbon alloys of high purity 


designated yield strength in Fig. 46 was reported by Arnold as 
yield point. 



PROPERTIES OF HEAT-TREATED STEELS 


175 


The tensile properties of a series of normalized acid open- 
hearth steels as determined by Brinell and reported by Wahl- 
berg^®^ are plotted in Fig 47. Specimens, 32 mm. (1.26 in.) in 
diameter, were heated to 1000, 850, or 750°C. (1830, 1560, or 
1380°F.) and cooled in air. Test bars were 18 mm (0.71 in.) in 



Fig 47 — Tensile properties of acid open-hearth steels, normalized from the 
indicated temperatures {Brtndl according to Wahiberg 

diameter with a 100-mm. (3.94-in ) gage length As shown by 
Fig. 47, slightly higher tensile- and yield-strength values resulted 
from the higher normalizing temperatures. Brinell used only 
three temperatures; consequently he did not detect the dip in 
strength and the peak in elongation or reduction of area which 
occur in high-carbon steels when normalized or annealed at 
700 to 900°C. (1290 to 1650''F.), and which are shown by the 
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results of Meyer and Wesseling^^^®^ discussed m section 70, 
page 179. Incidentally, these last-named results do not wholly 
confirm the conclusion of Brinell, at least for high-carbon steels, 
that slightly higher tensile and yield strengths result from the 
higher normalizing temperatures. As shown in Figs 50 and 51 
(pages 181 and 182), tensile and yield strengths were higher after 
normalizing at 850°C. (1560°F.) than they were after normalizing 
at 750°C. (1380°F.), but there was little if any difference in the 
strength properties after normalizing at 850 and 1000°C (1560 
and 1830°F ). 

If the curves of Fig. 47 and of Fig. 10 from Chapter IV, page 
85, for hot-rolled steels are superimposed, it will be noted that 
the tensile- and yield-strength values for normalized commercial 
steels check fairly well with those for the corresponding hot-rolled 
steels. The values of elongation and reduction of area are 
higher than the values for hot-rolled steels of the same carbon 
content Arnold^s tensile- and yield-strength values (Fig. 46) 
are markedly lower than the values of Brinell The slight 
differences in elongation and reduction of area between the values 
of Arnold, Brinell, and those given in Fig 10 are not indicative 
of any definite effect of normalizing or of purity because of the 
difference in gage length and the scatter of Brineirs points and 
of those shown in Fig. 10 

The data plotted in Fig. 49, page 180, also show how closely 
the mechanical properties of the rolled and normalized materials 
may check. The actual values for the normalized material, 
plotted in Fig. 49, do not fall close to the curves for normalized 
alloys in Fig 47, especially in the low- and medium-carbon ranges 
This is not surprising as the values in Fig. 49 are typical averages 
for ranges of carbon, while in Fig 47 the plotting points represent 
actual values for alloys of definite composition. 

It might be tentatively concluded, subject to modification 
when more data become available, that: (a) normalizing com- 
mercial hot-worked carbon steels improves the elongation and 
reduction of area and has little or no effect on the tensile and 
yield strengths; and (6) normalized carbon steels of fairly high 
purity (deoxidized with aluminum) have markedly lower tensile 
and yield strengths (and, perhaps, in the medium-carbon ranges 
higher elongation and r^uction of area) than normalized 
commercial carbon steek..^;" 
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69. Effect of Carbon on Properties of Annealed Steels. — ^The 
effect on mechanical properties of annealing (process* annealing) 
at temperatures below the critical, used chiefly for softening cold- 
worked steels, was discussed briefly in the previous chapter; in 
the present section and the following one, attention has been paid 



to the effect on properties of annealing at temperatures above the 
critical range. As noted on page 173, this is known as ^^full 
annealing’^ or, in the mill, as “ annealing. 

The tensile properties of annealed steels of varying carbon 
content plotted from the data of four investigators are given in 
Fig. 48. The complete compositions of the alloys used by 
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Nead<®‘> and Langenberg'” ’*^ are tabulated on page 84, Chapter 
IV; carbon contents and annealing temperatures were as follows: 


Carbon, 
per cent 

Annealing 

temperature* 

°C 

°F. 


866 

1690 

0 18 

868 

1676 

0 32 

836 

1525 

0 46 

819 

1606 

0 49 

816 

1600 

0 67 

809 

1490 

0 71 

800 

1470 

0 83 

796 

1466 

1 01 

790 

1466 

1 22 

790 

1466 

1 39 

790 

1466 

1 46 

790 

1456 


* Also used as quenching temperatures in investigations discussed later in this chapter. 


The specimens were heated to the proper temperature and were 
cooled slowly in a small muffle. 

The steels used by Arnold were the fairly pure alloys whose 
compositions are given on page 174; samples were heated to 
1000°C. (1830°F.) for 72 hr. and “cooled for 100 hr in a luted 
furnace. The steels whose properties were given in the Report 
to the Alloys Research Committee^®^ were commercial alloys; 
samples were heated to 800®C. (1470°F.) and allowed to cool 
in the muffle. All of the data on tensile properties shown in 
Fig. 48 were obtained with samples approximately 0.5 in. in 
diameter having a 2-in. gage length. Arnold's values of yield 
strength and some of his values of tensile strength are surprisingly 
low. This may be attributed to the purity of his alloys, to 
extremely slow cooling from the annealing temperature, to the 
deoxidation by aluminum, or to his method of testing. 

In Fig. 49 are charted the properties of four carbon steels, 
determined by the Bethlehem Steel Company, as rolled, 
normalized (air cooled), and annealed (furnace cooled). The 
steels and the temperatures of treatment are as follows; 
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SA.E. 

num- 

ber 

Carbon 
range, 
per cent 

Manganese 
range, 
per cent 

Normalizing 

temperature 

Annealing 

temperature 

"C. 


"C. 


1016 

0 10 to 0 20 

0 30 to 0 60 

926 

1700 

870 

1600 

1040 

0 36 to 0 45 

0 60 to 0 90 

900 

1650 

790 

1450 

1080 

0 75 to 0 90 

0 30 to 0 60 

900 

1650 

790 

1450 

1096 

0 90 to 1 05 

0 25 to 0 50 

900 

1660 

790 

1460 


The test pieces were standard 0.505-in diameter specimens 
with a 2-in. gage length and were machined after treatment from 
a 1-in round bar. Prefacing these results, the Bethlehem Steel 
Company stated: These data represent average physical 
properties. They are not the maximum obtainable, nor the 
minimum which may be anticipated.^^ 

The values in Fig. 49 do not check with the values plotted in 
Fig. 48. The discrepancy is especially apparent in the values for 
the tensile strength of the 1015 and 1040 steels, which are about 
10,000 lb per sq. in. higher in Fig. 49, and in the yield strength, 
which m Fig 49 is 5,000 to 10,000 lb. per sq. in. higher throughout 
the whole range of carbon than in the composite curves in Fig 48. 
Despite the fact that the Bethlehem Steel Company's strength 
values are markedly higher than the average values given in 
Fig 48, the values for reduction of area are also considerably 
higher, as much as 75 per cent in the upper carbon ranges. It is, 
of course, true that the data plotted in Fig. 48 are actual deter- 
minations made on steels of definite carbon content, while the 
values plotted in Fig. 49 are average properties of steels with a 
range of carbon. Even so, the discrepancy is too great and 
should be narrowed by further work. 

70. Effect of Annealing Practice on Properties of High-carbon 
Steels. — The effect of annealing practice on the properties of 
carbon steels containing 0.74 to 1.15 per cent carbon was studied 
by Meyer and Wesseling.^^®®> Specimens (size and gage length 
not given) were treated as follows: 

A. Annealed 30 mm. and air cooled. 

B Annealed 5 hr and .air cooled 
C Annealed 30 mm and furnace cooled. 

D. Annealed 5 hr and furnace cooled 
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Impact tests were made on samples with a keyhole notch and a 
cross-section at the point of fracture of 15 by 10 mm. (0.59 by 
0.39 in.). 



Fig. 49. — Properties of rolled, normalized, and annealed carbon steels. (BetJde^ 
hem Steel Company 


Results are plotted in Figs. 50 and 51; the former gives values 
for the 0.74 and 0.935 per cent carbon steels, the latter the values 
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for the higher carbon specimens. Strictly speaking, treatments 
A and B should be termed normalizing; hence, the curves in these 
two figures show the effect of the normalizing or annealing 
temperature, the effect of air versus furnace cooling, and. 


Annealing ‘temperature, deg F Annealinq tempcrature.dea F 



Ar^nealing temperature,deg C ^ Annealing temperature, deg C 

Fig. 60. — Effect of annealing practice on the mechanical properties of 0 74 and 
0 936 per cent carbon steels {Meyer and Weaeehno 

to some extent, the effect of the time of holding at the required 
temperature. 

The outstanding feature of Meyer and Wesseling’s resiuu^ is 
the dip in tensile strength, yield strength, and hardness and the 
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rise in elongation, reduction of area, and impact resistance when 
the annealing and normalizing temperatures exceeded the critical 
— about 750®C. (1380®F ) — and the complete or partial return 



of these properties to their original value when the specimens were 
annealed or normalized at 900®C. (1650®F.) or above. 

It is interesting to note that, considering the uncertainty of 
the exact composition of the Bethlehem Steel Company steels 
(Fig. 49) and the differences in specimen size, the properties 
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obtained by Meyer and Wesseling for a normalizing temperature 
of 900°C. (1650°F.) and an annealing temperature of 800°C. 
(1470®F.) fall fairly close to the Bethlehem Steel Company 
curves for steels of approximately the same composition. 

There are two other tentative conclusions which may be drawn 
from the results in Figs. 50 and 51. These are: (1) In the case 
of the 0.74 and 0.935 per cent carbon steels, there seems to be 
little if any change in the properties when the time of holding at 
temperature is increased from 30 min. to 5 hr.; and (2) the con- 
clusion drawn on page 176 that the tensile strength of hot-worked 
steel is affected little if any by normalizing is valid only if the 
normalizing temperature is 900°C. (1650°F.) or above (as is 
usually the case in practice) and possibly only if the carbon is 
less than 1 per cent. 

B. EFFECT OF QUENCHING 

The principles underlying the hardening of iron-carbon alloys 
are discussed at length in Chapter VI of Volume I of this mono- 
graph, and quenching media and internal stresses in Chapter X 
Because of the severe stresses introduced when the heat is 
extracted rapidly, and incident to the formation of martensite, 
steels containing enough carbon to make heat treatment advan- 
tageous are rarely, if ever, used in the quenched and untempered 
condition. It is, however, of interest academically, if not prac- 
tically, to correlate the few data available on the effect of quench- 
ing on the properties of commercial iron-carbon alloys. 

As mentioned at the beginning of this chapter, the properties 
given hereafter were obtained on specimens of small cross-section, 
about 1 in. in diameter or usually less; hence, these properties 
of the quenched steels are dependent chiefly upon the cooling 
rate; mass, because of its virtual constancy, is a negligible or 
unimportant factor. 

71. Quenched Low-carbon Steels (Less than 0.16 Per Cent 
Carbon). — The question whether pure iron can be hardened by 
quenching is not yet answered definitely. This has been dis- 
cussed in a previous monograph^^®^^ (page 399) and in Chapter VI 
of Volume I of this monograph. Commercially pure iron, which 
in reality is a fairly pure iron-carbon alloy containing 0.01 to 
0.03 per cent carbon, can unquestionably be hardened by quench- 
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ing. This is shown by Kenyon, from whose paper^^®^^ the proper- 
ties in Table 41 were taken. 

Hanemann and Kuhneb^®^ reported on the effect of quenching 
and tempering a steel containing 0.05 per cent carbon, 0.46 per 
cent manganese, 0.006 per cent silicon, 0.04 per cent sulphur, and 
0.06 per cent phosphorus. To facilitate a rapid heat extraction, 
specimens 8.9 mm. (0.35 in.) in diameter were used Elongation 


Table 41 — Effect of Quenching on the Properties of Basic 
Open-hearth Ingot Iron* 


Property 

Annealed 25 hr 
at 900°C 
(1650°F ) 

Quenched in 
water from 
940°C (1725°F) 

Tensile strength, lb per sq in 

41,000 

47,000 

Yield strength, lb per sq in 

18,300 

30,300 

Elongation in 2 in., per cent 

47 0 

36 2 

Reduction of area, per cent 

70 6 

70 0 

Brin ell hardness 

82 

110 

Impact value, ft-lb per sq in 

695 

452 


* Kenyon (“D 


was measured over a gage length of 100 mm. (3 94 in ) ; hence, 
the reported values will be lower than elongation values on a 
United States standard specimen with a 2-in. gage length. 
Properties after the various quenching treatments are given in 
Table 42 


Table 42 — Effect of Quenching on the Properties of a 
Steel Containing 0 05 Per Cent Carbon* 


Treatment 

Tensile 
strength, 
lb per 
sq in 

Elonga- 
tion in 
100 mm 
(3 94 
m ), per 
cent 

Reduc- 
tion of 
area, 

per 

cent 

Annealed at 800 to 900°C. (1470 to 1650®F.) 

52,200 

26 0 

75 0 

Quenched in oil from 750°C (1380^F.) 

80,000 

16 6 

61 7 

Quenched in oil from 860®C (1660®F.) 

71,200 

14 0 

58 0 

Quenched in oil from 950°C. (1740®F ) . . . 

76,300 

11 4 

61 0 

Quenched in water from 850°C. (1560®F.) 

77,300 

13 5 

55 1 

Quenched in water from 960°C. (1740®F.) 

102,500 

11 0 

51 0 


* HaneMann and Ktthnel 
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An investigation conducted by a Committee of the American 
Society for Testing Materials™ to determine the effects of 
sulphur on the properties of rivet steel is of interest here as it 
indicated the response of low-carbon steels to heat treatment. 
Fourteen basic open-hearth steels were tested, but for the 
present purpose it will be sufficient to show the properties of 
only one of them, which may be considered as representative of 
all fourteen. The steel contained 0.11 per cent carbon, 0.45 per 
cent manganese, 0 01 per cent silicon, 0 044 per cent sulphur, and 
0 008 per cent phosphorus. It was hot rolled to ^% 4 -in. rounds 
and heat treated before machining. The properties of the steel 
in the hot-rolled condition, as annealed between 925 and 950®C. 
(1695 and 1740°F.), and as quenched in water from the same 
temperature range are listed in Table 43 The quenching treat- 
ment increased the tensile strength from 49,000 to 63,000 lb 
per sq in This increase is considerably less than that found by 
Hanemann and Kuhnel for a steel containing only 0.05 per cent 
carbon, which may be attributable to the use of a larger specimen, 
a difference m the steels not obvious from the reported analyses, 
or a less drastic quench 


Table 43 — Effect of Annealing and Quenching on the Properties 
OF A Steel Containing Oil Per Cent Carbon’*' 


Property 

Rolled 

Annealed 

Quenched 

Tensile strength, lb per sq m 

49,500 

49,000 

63,000 

Proportional limit, lb per sq in 

34,000 

26,000 

39,500 

Yield strength,! lb per sq in 

36,500 

26,000 

43,000 

Elongation in 2 in , per cent 

46 

47 

1 34 

Reduction of area, per cent 

73 

73 

74 

Charpy impact value, ft-lb 

67 

9 

60 

Izod impact value, ft-lb 

119 

34 

112 5 

Brinell hardness 

94 

86 

136 

Scleroscope hardness 

16 5 

16 

19 


* A S T M Committee 
t Reported as yield point 


In an investigation of the effect of quenching on low-carbon 
steels, Smith^^^®'^^^^ found that a steel containing approximately 
0.10 per cent carbon can be appreciably hardened by a drastic 
quench and that such a treatment is commercially feasible for 
the production of high-strength bolts He used a special appara- 
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tus in which the material could be rapidly cooled by means of a 
water spray. The solid lines in Fig. 52 show the tensile strength 
and reduction of area of standard A.S.T.M. specimens of a 0.13 
per cent carbon steel drastically quenched from various tempera- 


Quenching -temperature, deg C. 

500 600 700 800 900 1000 1100 1200 1300 



Fig. 62. — Tensile properties of standard 0 606-in. specimens of low-carbon steel 
drastically quenched in a water spray. {Smith 

tures; the dotted line shows the tensile strength of a steel con- 
taining 0.09 per cent carbon. For a certain range immediately 
above the lower critical temperature the strength increased 
almost linearly with the quenching temperature. Low values of 
reduction of area resulted from quenching near the lower critical 
temperature. Smithes data also indicate that the steels can be 
strengthened by quenching from below the lower critical tempera- 
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ture. If this increase in hardness is real, it can probably be 
attributed to precipitation-hardening phenomena. 

72. Quenched Steels of Varying Carbon Content. — Nead^*®^ 
and Langenbergj^^-^’^^^ whose data on the properties of hot-rolled 
and annealed carbon steels have been quoted in previous sections, 
also determined the properties of the same series of carbon 
steels after oil and water quenching. The quenching tempera- 
tures were the same as the annealing temperatures given on 
page 178. Specimens were approximately 0.5 in. in diameter 
with a 2-in gage length and were untempered. 

In connection with its work on the mechanical properties of 
automobile steels, the British Steel Research Committee^ 
reported properties after water and oil quenching and before 
tempering. Among the carbon steels used were the following: 


Composition, per cent 

Quenchmg 

temperature 

C 

Mn 

Si 

s 

p 


T 

0 12 

0 71 

n 


0 048 

900 

1650 

0 17 


WSim 

BlO 

0 047 

920 

1690 




119 

0 050 

900 

1650 

la 




0 025 

870 

1600 


The specimens used by the Steel Research Committee were 
British standard specimens 0.564 in. in diameter with a 2-in. 
gage length. The results which are reported in Fig. 53 and Table 
44 as yield strength were determined as yield point. As all of 
the experimental conditions of heat treatment, preparation of 
specimens, and method of testing were carefully standardized 
and as the results averaged by the Committee were obtained 
under this standard procedure by three laboratories working 
independently of each other, there is reason to believe that the 
values as reported in this and following sections represent 
accurately the properties of steels of the composition given for 
the heat treatments used. 

A summary of the data reported by Nead, Langenberg, and 
by the Steel Research Committee is given in Fig. 53 for the 
untempered oil-quenched steels and in Table 44 for the untem- 
pered water-quenched steels. As shown in the former, tensile 
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strength, yield strength, and Brinell hardness increase linearly 
with the carbon increasing from 0.1 to approximately 0.7 per cent. 
The Brinell hardness values given in Fig. 53 indicate that oil 
quenching is not drastic enough for complete hardening. 

According to the Brinell values obtained by Nead, water 
quenching is drastic enough for complete hardening; but the 



Fig. 63. — Effect of carbon on the tensile properties of oil-quenched steels. 

internal stresses and probably internal cracks resulting from 
water quenching the test specimens containing more than 0.40 
per cent carbon rendered the tensile values of these higher carbon 
steels of such doubtful value that they were not reproduced as a 
part of Table 44. The specimens tested by the Steel Research 
Committee were machined from quenched bars in. in diam- 
eter, which accounts for the lower tensile strength and hardness 
and the higher elongation and reduction of area as compared 
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with Nead^s results from water-quenched specimens which 
were but slightly larger than the test piece. The larger mass of 
the Steot Research Committee’s water-quenched specimens had a 
marked effect on the properties. 


Table 44 — Properties op Carbon Steels Quenched in Water 


luvesti^tor 

Car- 

bon, 

per 

cent 

Tensile 
strength, 
lb per 
sq in 

Yield 
strength,* 
lb per 
sq in 

Elon- 

gation 

m 

2 in , 
per 

cent 

Reduc- 
tion of 

area, 

per 

cent 

Brinell 

hard- 

ness 

Izod 

impact, 

ft-lb 

Nead^’^) and 

0 14 

90,000 


21 0 

67 0 

170 

38 It 

Langenberg(’3 74) 

0 18 

105,000 


16 6 

57 2 

1 228 

36 7 t 

1 

0 32 

116,000 


8 0 

16 9 

255 

10 9 t 


0 46 

220,000 


1 0 

Nil 

600 


Steel Research 

0 12 

89,600 

67,200 

26 

69 

183 

48 

Comimttee<<i6) 

0 17 

103,000 

78,400 

22 

61 

223 

24 


0 26 

127,700 

80,600 

11 

30 


13 


0 45 

160,000 

107,500 

12 

28 

321 

14 


Reported as yield point As the yield-strength values obtained by the different labora- 
tories varied N\idely, these results are only approximate 
t Charpy impact, ft-lb 


The presence of internal microscopic cracks which affect 
adversely the mechanical properties of drastically quenched 
high-carbon steels has been recently demonstrated by Davenport, 
Roff, and Bain The microcracks or their causes cannot be 
removed by ordinary tempering; these investigators found that 
it was necessary in one instance to reheat the specimen to 1090°C. 
(2000°F ) to effect their complete elimination. As is shown on 
page 206, a 0 74 per cent carbon steel, treated so that this form 
of cracking is avoided, has higher tensile strength, yield strength, 
elongation, reduction of area, and impact resistance than the 
same steel oil quenched and tempered in the usual manner to the 
same hardness. 

Because of the known presence" in drastically quenched steel 
of very high internal stresses, and because of the probable 
presence of microcracks, the values for tensile strength, yield 
strength, elongation, and reduction of area for the untempered 
oil-quenched steels containing more than 0.70 per cent carbon, 
shown in Fig 53 (as determined on standard test pieces heat 
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treated in the form of M-in. or smaller bars), are probably too low. 
For the untempered water-quenched steels, the results of which 
are given in Table 44, these values (especially as obtained by 
Nead on similarly small quenched bars) are undoubtedly too low, 
except possibly for the steels containing less than 0.20 per cent 
carbon 

C. QUENCHED AND TEMPERED LOW- AND MEDIUM-CARBON 

STEELS 

Low-carbon steels (less than 0.15 per cent carbon) are seldom 
quenched and tempered; except for a few special applications — 
for example high-strength bolts (see page 185) — practically all 
of the low-carbon steels are used in the hot-rolled or, in the case 
of strip, wire, and allied products, in the annealed condition. 
A few of the structural and forging steels (0.16 to 0.60 per cent 
carbon) are quenched and tempered, chiefly to improve the duc- 
tility. Within certain limits, the strength of hot-rolled carbon 
steel increases with the carbon content ; there is a corresponding 
but greater decrease in elongation and reduction of area. Thus, 
as the carbon increases from 0.10 to 0.80 per cent, the tensile 
strength of hot-rolled steel increases to 2 to 2 5 times its original 
value, but the elongation decreases to about one-third and the 
reduction of area to about one-sixth of the original values. 
Structural and forging steels, therefore, may be quenched and 
tempered, not because the desired strength cannot be attained in 
untreated material, but because untreated steels of compara- 
tively high strength are not suflSciently tough and can be made 
tougher by the proper heat treatment. 

73. Mechanical-property Charts. — Charts showing the effect 
of tempering at increasing temperatures on the mechanical 
properties of carbon and alloy steels have been prepared by the 
British Steel Research Committee,^^®^ the U. S. Army Air Corps,* 
the American Society for Metals, French and Sands of the 
International Nickel Company, the Society of Automotive 
Engineers, the Bethlehem Steel Company, and others. 

In some instances the properties indicated by the chart are 
probably the average of a large number of values, in others the 
average of a few determinations, and in others the minimum 

* Printed by U S. Army Air Corps, Wnght Field, Dayton, O., for 
restncted distribution. 
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values which may be expected from test bars of standard size 
heat treated under standard conditions. 

Regarding the use of such charts, the ^^S.A.E. Handbook^^^®'^^ 
states: 

These . . . physical-property charts should not be considerea in 
any way ... as giving absolute values. They are intended only as 
a guide to proper heat treatment of the steels and to indicate conserva- 
tive physical properties that may be expected of standard test specimens 
0.505 X 2 in., machined from rolled bars up to 1.5-in. diameter or 
square. 

The properties given in these charts are ordinarily subject to 
a number of errors First and most important: the values are 
not for a steel of specific analysis but for steels of a composition 
range Thus, the chart for S A E. 1045 will attempt to give 
representative properties after heat treatment of steels containing 
0.40 to 0 50 per cent carbon and 0 50 to 0.80 per cent manganese 
It is hardly necessary to state that after water quenching and 
tempering at any definite temperature, the properties of a steel 
containing 0.40 per cent carbon and 0.50 per cent manganese will 
vary to a marked degree from the properties of a steel containing 
0 50 per cent carbon and 0.80 per cent manganese. Although 
the charts, if properly prepared, will give properties which should 
be close to the mean of the properties of the above extremes, the 
chances for error are relatively great. Second: errors may be 
introduced because of inherent differences in steels of the same 
composition, made by different processes, or in different plants, 
with different degrees of deoxidation and freedom from visible 
and invisible impurities, and with different tendencies for grain 
growth. Third: the results may be affected by marked differ- 
ences in heat-treatment practice, such as variations in cross- 
section of the quenched piece (even if the charts apply only to 
sections smaller than 1.5 in.), time of holding at temperature, 
furnace gradients, character, temperature, and circulation of the 
quenching medium, errors in pyrometers, and many others. 
Fourth: errors may be introduced by variations in the technique 
of testing. 

The second, third, and fourth sources of error enumerated in 
the preceding paragraph are, of course, only of marked impor- 
tance when comparing property charts for steels of different 
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origin. If the charts are plotted from mechanical properties 
determined by a single laboratory on steels made by the same 
practice in the same plant and heat treated under the same 
conditions, the composition variable is the only one which has ar 
important effect on results. Such charts, while sufficientlj 
trustworthy to fix the average properties of the steels made in 
that plant, may not, however, indicate with sufficient accuracy 
the mechanical properties, after specified treatments, of all 
steels of that particular composition range. 

Notwithstanding the many sources of errors in the data given 
in the published charts, these are undoubtedly of value in indi- 
cating the mechanical properties of steels of median composition 
which will, in the majority of caseSj result from each specific 
heat treatment Hence, in the following pages new property 
charts have been prepared for carbon structural and forging steels 
where there were sufficient data available. For each chart the 
data have been weighed, if necessary averaged, and the properties 
indicated by a hatched area instead of the customary line. This 
has the advantage of indicating not only the properties which 
may be expected from a specific heat treatment, but also the pos- 
sible variation which may result from each tempering treatment 

The application of statistical methods to the study of proper- 
ties of heat-treated carbon and alloy steels is urgently needed. 
The Society of Automotive Engineers has prepared proba- 
bility curves of the properties of a heat-treated nickel-chromium 
(3130) and a chromium-vanadium (6130) structural steel, but, 
as far as could be discovered in the literature, this has not been 
done for carbon steels or for other alloy steels. In the case of 
6130 material, at each tempering temperature the probability 
curves indicate that there is a fairly constant variation of 
16,000 to 18,000 lb. per sq. in. between the maximum or minimum 
tensile strength and the corresponding value of greatest frequency 
for any tempering temperature. In the curves for yield point, 
reduction of area, and Rockwell and scleroscope hardness the 
spread between the maximum or minimum and the curve of 
greatest frequency is greater for low tempering temperatures. 
In the curves given in Figs. 54 to 56 (pages 195, 199, and 200), 
which were not prepared from a large number of individual values 
analyzed statistically but from* the correlation of a few property 
curves, each Of which may represent average or minimum values. 
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the same sort of spread is indicated in several instances. If 
the original property charts from which Figs. 54 to 56 were 
prepared are of reasonable accuracy, the mechanical properties 
of 1020, 1035, and 1045 steels, if of average composition and heat 
treated under fairly constant conditions, should fall within the 
hatched areas 95 per cent of the time 
74. Quenched and Tempered Low-carbon Steels (Less than 
0.16 Per Cent Carbon). — Kenyon^^fio found that tempering 
reduced the strength, hardness, and impact resistance and 
increased the elongation of water-quenched ingot iron containing 
0.01 to 0 03 per cent carbon Typical values are given in Table 


Table 45 — Effect of Tempering on Mechanical Properties of Basic 
Open-hearth Ingot Iron* 


Property 

Quenched in water from 
940°C (1725‘’F) 

Un- 

tempered 

Tempered at 
660°C (1200°F) 

Tensile strength, lb per sq in 

47,000 

42,700 

Yield strength, lb per sq. in 

30,300 

20,800 

Elongation in 2 in , per cent 

36 2 

41 8 

Reduction of area, per cent 

70 0 

71 1 

Brinell hardness 

110 

94 

Impact value, ft-lb per sq in 

452 

276 


* Kenyon <26i) 


45. Yield strength and impact resistance were lowered to a 
marked degree 

The effect of tempering on a 0.05 per cent carbon steel, dras- 
tically water quenched from 950^^0. (1740°F.), (see page 184 for 
composition) was studied by Hanemann and Kuhnel.^^®^ As 
shown by Table 46, the tensile strength dropped rapidly from 
103,000 lb. per sq. in. for the quenched specimen to 82,000 lb. 
per sq. in. for the specimen tempered at 100°C. (210°F.) and to 
less than 70,000 lb. per sq. in. for the specimens tempered at 
200®C. (390°F.) or above. As these tests were made on speci- 
mens 8.9 mm. (0.35 in.) in diameter, the results are of course 
valid only for such small specimens treated in the same way. 
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Typical properties after tempering at various temperatures of 
0.12 and 0.13 per cent carbon steels with 0.41 and 0.71 per cent 


Table 46 — Effect of Tempering on the Mechanical Properties of 
Drastically Watbr-oubnched 0 06 Per Cent Carbon Steel* 


Tempenng temperature 

Tensile 
strength, 
lb per sq in 

Elongation in 
100 mm. (3.94 
in.), per cent 

Reduction of 
area, per cent 

°C. 

T. 

None 

102,500 

11 5 

51 

100 

210 

82,000 

11 5 

63 

200 

390 

64,000 

11 5 

76 

300 

570 

68,500 

11 0 

75 

400 

750 

67,500 

12 0 

75 


♦ Hanemann and Kiihnel <»> 


manganese were determined by the Steel Research Committee/®®^ 
The complete analysis of the two steels was as follows: 


1 

Element 

Percentage 

A 

B 

Carbon 

0 13 

0 12 

Manganese 

0 41 

0 71 

Silicon 

0 06 

0 05 

Sulphur 

0 025 

0 080 

Phosphorus 

0 036 

0 048 

Nickel 

0 20 

Nil 

Chromium 

0 08 

Nil 


Bars lyi in. in diameter, rolled from the bottom half of the 
ingots were rough machined to 13 ^ in. and sent to three labora- 
tories for testing. 

As noted on page 187, all testing procedures, including heat 
treatment, size and preparation of specimen, and method of 
testing, were carefully standardized. The average results from 
each laboratory were correlated and analyzed by the Committee. 
The values finally reported were those which, ^Meduced from 
the investigator's results, were considered by the Committee to 
represent the mechanical properties of the steel after the heat 
treatment specified." The results are given in Table 47; as the 
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woi:k was done with great care, these values may be considered to 
represent accurately the effect of tempering on a 0.12 per cent 
carbon steel with low and medium manganese contents. 

76. Quenched and Tempered Structural Steels (0.16 to 0.30 
Per Cent Carbon). — Published data on the mechanical properties 
of quenched and tempered 0.16 to 0.30 per cent carbon steels are 
few. This is to be expected as most of the carbon steels in this 



Tempennq temperature, deg C 


Fig 54 — Effect of tempering on the tensile properties of 0 16 to 0 26 per cent 
carbon, 0 30 to 0 60 per cent manganese tl020) steel Sections, 0 6 to 1 50 in m 
diameter, were quenched m oil and water from 870 to 900°C (1600 to 1650®F.) 
and tempered (about 60 mm ) as shown. 

range, especially those containing less than 0.25 per cent carbon, 
are used primarily for carburizing, and others, containing 0.20 
to 0.30 per cent carbon, are the common structural materials 
nearly all of which are used in the hot- or cold-rolled condition. 

From the limited data, including property charts by French 
and Sands^^®®^ on water- and oil-quenched S.A.E. 1020 steel, by 
Nead^®®^ on oil-quenched material containing 0.18 per cent carbon 
(see page 84 for complete analysis), and by the U. S. Army Air 
Corps* on water-quenched S.A.E. 1025 steel, the charts shown 
* See footnote p. 190. 
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in Fig. 64 were constructed. The only values available for the 
yield strength of the water-quenched material were those of 
French and Sands shown by a single line in Fig. 54. These 
charts indicate that the best combination of properties for heat- 
treated material containing approximately 0.20 per cent carbon 
and 0.30 to 0.60 per cent manganese is secured by quenching in 
water and tempering at 550 to 650^^0. (1020 to 1200°F.). Brinell- 
hardness values obtained by these investigators lie on a curve 
which parallels closely the tensile strength. 

Table 47 — Effect of Temperino on Mechanical Properties of a 
Water-quenched 0 12 Per Cent Carbon Steel Containing 
A — 0 41 Per Cent Manganese and 0 036 Per Cent 
Phosphorus and B — 0 71 Per Cent Manganese and 
0 048 Per Cent Phosphorus* 


Steel 

Tempering 

temperature 

Tensile 
strength, 
lb per 
sq in 

Yield 
strength,! 
lb per 
sq in 

Elonga- 
tion in 

2 in , 
per cent 

Reduc- 
tion of 

area, 
per cent 

Brinell 

hard- 

ness 

Impact value, 
ft-lb t 

«C 

OF 

Izod 

Charpy 

A 

Nc 

>ne 

76,200 

§ 

33 

71 

149 

103 

21 6 


300 

670 

76,200 

5 

35 

71 

149 

104 

22 0 


400 

750 

76,200 

68,200 

36 

71 

149 

104 

22 0 


600 

930 

73,900 

68,200 

37 

72 

143 

105 

22 6 


600 

1110 

71,700 

63,800 

40 

74 

140 

106 

23 0 

B 

Nc 

>ne 

89,600 

§ 

26 

69 

183 

48 



300 

670 

86,100 

§ 

27 

62 

179 

61 



400 

750 

85,100 

65,000 

27 

62 

179 

69 



600 

930 

86,100 

65,000 

28 

62 

179 

77 



600 

i 

1110 

80,600 

60,600 

32 

66 

170 

i 

88 



♦ steel Research Committee <*«> 
t Reported as yield point 

t Izod. 10 mm (0 394 in ) sq with 46-deg notch, 0 26-mm (0 098-in ) radius Charpy, 
V-notch specimen of same dimensions as Izod Each bar contained three specimens 
i Could not be determined accurately 

Results obtained by the Steel Research Committee on water- 
quenched specimens containing 0.20 per cent carbon, 0 99 per 
cent manganese, 0.11 per cent silicon, 0 066 per cent sulphur, 
and 0.049 per cent phosphorus are interesting as they indicate 
the effect of tempering on this higher manganese material and 
thus afford, by comparison with the properties given in Fig. 54, 
an approximate evaluation of the effect of the manganese. The 
results are given in Table 48. 
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The difference between 0.99 per cent manganese and the usual 
manganese content of 1020 steel (0.30 to 0.60 per cent) is evi- 
dently responsible for an increase of approximately 10,000 lb. 
per sq in. in tensile and yield strengths. The percentages of 


Table 48. — ^Effect of Tempering on Mechanical Properties of 
Water-quenched 0 20 Per Cent Carbon, 0 99 Per Cent 
Manganese Steel* 


Tempering 

temperature 

Tensile 
strength, 
lb per 
sq in 

Yield 
strength, t 
lb per 
sq in. 

Elonga- 
tion m 

2 m , 
per cent 

Reduc- 
tion of 
area, 
per cent 

Brinell 

hard- 

ness 

Izod 

im- 

pact, 

ft-lb 

°C 


None 

116,500 

t 

18 0 

46 

241 

33 

300 

570 

107,500 

t 

20 0 

52 

223 

33 

400 

750 

109,800 

t 

20 0 

52 


45 

500 ! 

930 

103,000 

78,400 

23 0 

57 

217 

61 

600 

i 

1110 

98,600 

76,200 

25 0 

63 

212 

79 


* Steel Research Committee 
t Reported as yield point 

J Results by different laboratories not consistent 


elongation and reduction of area of the higher manganese material 
and the regular 1020 steel are practically the same. 

Apparently the only data available on the effect of tempering 
quenched steels containing between 0.25 and 0.30 per cent carbon 
are those compiled by the Steel Research Committee on steels of 
the following analyses : 


Element 

Percentage 

A ' 

B 

Carbon 

0 26 

0 26 

Manganese 

0 50 

0 75 

Silicon 

0 20 

0 30 

Sulphur 

0 060 

0 044 

Phosphorus 

0 065 

0 050 

Nickel 

0 03 

0 15 

Chromium 

Nil 

0 04 


The essential difference in composition is the higher manganese 
in steel S, which also contained a small amount of nickel. The 







Table 49. — Effect of Tempering on Mechanical Properties of Quenched 0.26 Per Cent Carbon Steels Containing 
A-~0.50 Per Cent Manganese and 0 065 Per Cent Phosphorus and B —0 75 Per Cent Manganese and 

0 050 Per Cent Phosphorus* 
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Quenched in oilf 

Isod 

impact, 

ft-lb 

20 

20 

20 

22 

24 

27 

^ o» »o 

CO 00 o 

Bnnell 

hard- 

ness 

O) Cfi Oi ^ 1-4 to 
^ ^ ^ 

207 

207 

207 

202 

187 

1 • 

6 08 fl 

Pli 

s s s S S o 

55 

57 

59 

60 

64 

t « s s 

1 ^ ” 1 

00 00 00 O 1-4 <1^ 

04 CO CO 

25 

26 

26 

27 

29 

Yield 
strength, t 

lb per 
sq in 

%o» ten ten ^ S ^ 

§ s s 

ss 

40. .os ^ 

Oi 04 

CD CD 

a 'S S. S 

S fl _ 

ao 

91,800 

91,800 

91,800 

89.600 
87,400 

80.600 

00 00 QO O 9 

04 0> 04 04 00 

Quenched m watert j 

■S §5 

ao ■4*4 «o Oi 04 «o 

1-4 1-4 1-4 1-t 04 (N 

13 

13 

26 

56 

76 

Its 
(§■3 “ 

196 

192 

187 

183 

179 

167 


Reduc- 
tion 
of area, 
per cent 

CO t- 00 O 00 

lO >0 40 CO CO CO 

30 

32 

44 

58 

64 

Monga- 
tion in 

2 in , 
per cent 

1^ 1^4 »0 ti. 0> CO 

C4 04 04 04 04 CO 

1-4 W »0 M g 

Yield 
strength, t 
lb per 
sq in 

§ 

§ 

5 

71,700 

65,000 

58,200 

§ 

§ 

85,100 

80,600 

69,400 

Tensile 
strength, 
lb per 
sq m 

98.600 

96.300 

98.300 
94,100 

89.600 
82,900 


Tempering 

temperature 

o 

mched 

570 

750 

930 

1110 

1290 

mched 

570 

750 

930 

1110 

o 

o 

As que 
300 
400 
500 
600 
700 

As que 
300 
400 
500 
600 

Steel 




* Steel Retsearch Coznmittee 

t Steel A quenched from 870°C (1600°F ) , steel B from 900°C (1650°F ) 
t Reported as yield point 

§ Results by the different laboratories not consistent 
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percentages of sulphur and phosphorus in these steels are higher 
than in normal commercial carbon steels. 

The properties of these two steels after oil and water quenching 
and tempering at increasing temperatures are given in Table 49. 
The steel with the higher manganese had considerably higher 
tensile and yield strengths, especially after water quenching. 

Tempering temperature, deg F 

600 600 1000 1200 600 800 1000 1200 



Fig 65 — Effect of tempering on the tensile properties of 0 30 to 0 40 per cent 
carbon, 0 60 to 0 90 per cent manganese (1035) steel. Sections, 0 5 to 1 60 in m 
diameter, were quenched in oil and water from 830 to 860°C. (1626 to 1575®F ) 
and tempered (about 60 min ) as shown. 

The higher impact resistance of steel 5, especially for tempering 
temperatures of 400°C. (760°F.) and above, is noteworthy. 

76. Quenched and Tempered Structural and Forging Steels 
(0.31 to 0.60 Per Cent Carbon). — In contrast to the lower carbon 
grades, the use of heat-treated structural and forging steels 
containing 0.30 to 0.60 per cent carbon is fairly common; hence, 
there are many more data available on the effect of heat treat- 
ment on the properties of these higher carbon materials. For 
0.30 to 0.40 per cent carbon (1035) steel, charts showing the 
effect of tempering after water and oil quenching have been 
published by the Society of Automotive Engineers^®'^^ and French 
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and In addition to these charts the U. S. Army Air 

Corps determined* the effect of tempering on the properties of 
water-quenched 1035 steel, and Nead^®®^ investigated the proper- 
ties of tempered oil-quenched material containing 0.32 per cent 
carbon (see page 84 for complete analysis). In every case the 
properties were determined on standard 0 505 X 2-in. test 
specimens, machined after heat treatment from bars 1.5 in. in 


Tempering temperature, deg F 



300 400 500 600 700 300 400 500 600 700 


Tempering temperature, deg C 

Fig 56. — Effect of tempering on the tensile properties of 0 40 to 0 50 per cent 
carbon, 0 60 to 0 90 per cent manganese (1045) steel Sections, 0 5 to 1 50 in 
in diameter, were quenched in oil and water from 800 to 835°C (1475 to 1525°F ) 
and tempered (about 60 mm.) as shown 

diameter or smaller. The quenching temperature used by 
all of the investigators was 830 to 860®C (1525 to 1575'^F.). 

AU of these data have been used in preparing the curves shown 
in Fig. 55. In the charts for both water- and oil-quenched steels 
the values for tensile and yield strengths obtained by French 
and Sands are at the top or slightly above the upper limit of the 
hatched area and the values given on the S.A.E. standard 
property charts fall in the lower part. In values for elongation 
and reduction of area this order is reversed. 
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For the charts of 0.40 to 0.50 per cent carbon steel (1045) 
shown in Fig. 56, property curves by the Society of Automotive 
Engineers, French and Sands, and the U. S. Army Air Corps 
were used together with values obtained by Nead^®®> on a 0.46 
per cent carbon steel (see page 84 for complete analysis) and by 
the Steel Research Committee^^®^ on a steel containing 0.45 pei^ 


Tempering temperature, deg F 

600 800 1000 1200 600 800 1000 1200 



Fig 57 — Effect of tempering on the tensile properties of 0 35 to 0 45 per cent 
carbon, 0 60 to 0 90 per cent manganese (1040) steel {Bethlehem Steel Com- 
and of 0 38 per cent carbon, 0 55 per cent manganese steel {Camp and 
Francie^^^^) Sections 1 in in diameter were quenched in oil and water from 
815 to 845°C (1500 to 1550°F ) and tempered (about 60 mm.) as shown. 

cent carbon, 0.78 per cent manganese, 0.32 per cent silicon, and 
0.025 per cent or less sulphur and phosphorus. Properties were 
determined by these investigators on standard test specimens 
machined from bars 1.5 in. in diameter or smaller and quenched 
from 800 to 830^^0. (1475 to 1525‘'F.), except the specimens 
tested by the Steel Research Committee which were quenched 
from 870°C. (1600°F.). 

To show the advantages of water quenching followed uy 
tempering 0.30 to 0.50 per cent carbon steels, average mechanical 
properties from Figs. 55 and 56 have been tabulated against 
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uniform tensile strengths in Table 50. Thus it is clearly evident 
that, if 1035 steel is treated so that the tensile strength is 95,- 
000 lb. per sq. in., slightly higher yield strength and markedly 
higher percentages of elongation and reduction of area will result 
from water quenching followed by tempering at the proper 
^temperature to produce the required tensile strength than from 
oil quenching and tempering to produce the same tensile strength. 

Table 60 — Effect of Water and Oil Quenching on the Yield 
Strength. Elongation, and Reduction of Area of 
0.30 TO 0.60 Per Cent Carbon Steels of the 
Same Tensile Strength 


For a tensile 
strength of, 
lb per sq. m. 

Water quenched and 
tempered 

Oil quenched and tempered 

Yield 
strength, 
lb per 
sq in 

Elonga- 
tion in 

2 m , 
per cent 

Reduc- 
tion of 
area, 
per cent 

Yield 
strength, 
lb per 
sq in 

Elonga- 
tion m 

2 in , 
per cent 

Reduc- 
tion of 
area, 
per cent 

0 30 to 0 40 per cent carbon (1036) 

106,000 

77,000 

19 

63 

72,000 

16 

48 

100,000 

73,000 

22 

67 

69,000 

18 

52 

96,000 

68,000 

26 

61 

66,000 

22 

54 

90,000 

62,000 

28 

64 

62,000 

25 

57 

86,000 

63,000 

30 

68 

53,000 

27 

62 


0 40 to 0 60 per cent carbon (1046) 


125,000 

96,000 

17 6 

47 

86,000 

15 5 

41 

120,000 

91,000 

19 

50 

83,000 

17 

44 

115,000 

87,000 

21 

52 

80,000 

19 

47 

110,000 

82,000 1 

23 

56 

76,000 

21 

49 

105,000 

76,000 1 

24 

68 

73,000 

22 

52 

100,000 

67,000 

26 5 

61 

67,000 

24 

56 


Data on the effect of tempering on the properties of quenched 
0.35 to 0.45 per cent carbon (1040) steel are plotted in Fig. 57. 
The solid-line curves are from a standard property chart^^®^^ and 
fall near the lower boundary for tensile and yield strengths of 
the hatched area given in Fig. 56 for 1045 steel. These curves 
are considerably above the corresponding areas in Fig. 55 for 
1035 steel. 
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Camp and Francis^^®®^ determined the properties pf standard 
test specimens machined from a 1-in. round bar which had been 
rolled from a billet containing 0.38 per cent carbon, 0.65 per cent 
manganese, 0.05 per cent silicon, 0.060 per cent sulphur, and 
0.024 per cent phosphorus. The quenching temperature was 
815°C. (1500°F.). 

Using the data available from Figs. 55, 66, and 57, it should be 
possible to average the values so that a chart for a steel containing 

Tempering temperature, deg F 
600 800 1000 1200 600 800 iOOO 1200 



Fig 68 — Most-probable tensile properties, for sections of 0.6 to 1.6 m. in 
diameter, of water-quenched and tempered and oil-quenched and tempered 
steels contammg 0.37 tP 0 43 per cent carbon and 0.60 to 0 90 per cent manganese. 


approximately 0.37 to 0.43 per cent carbon could be constructed 
which should indicate with considerable accuracy the mechanical 
properties which would result most frequently from each temper- 
ing treatment. This has been attempted in Fig. 68. The curves 
in this chart, like the curves in Figs. 55 and 56, indicate that for 
the same tensile strength, water quenching followed by suitable 
tempering will result in higher yield strength, elongation, and 
reduction of area than oil quenching and tempering to produce 
the same tensile Strength. 
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Apparently the only data available on steels containing 
between 0.50 and 0.60 per cent carbon are those of Nead/®®^ who 
quenched a steel containing 0.67 per cent carbon in oil from 
S10°C (1490®F.) and tempered at increasing temperatures. The 
complete composition is given on page 84. Nead^s bars were 
slightly larger than the standard 0 505 X 2-in specimens and 
were ground or machined to size after heat treatment The prop- 
erties are given in Table 51. 


Table 51 — Effect of Tempering on the Mechanical Properties of a 
Steel Containing 0 57 Per Cent Carbon and 0 65 Per Cent 
Manganese, Oil Quenched from 810°C (1490°F)* 


Tempering 

temperature 

Tenbile 
btrength, 
lb per 
sq m 

Yield ' 
strength,! 
lb per 
sq in 

Elonga- 
tion in 

2 in , 
per cent 

Reduc- 
tion of 
area, 
per cent 

Brinell 

hard- 

ness 



None 

152,000 

105,000 

16 5 

40 3 

311 

370 

700 

153,000 

106,500 

16 0 

43 3 

302 

460 

860 

145,500 

97,500 1 

16 0 

46 2 

293 

560 

1040 1 

133,000 

93,500 1 

20 5 

51 9 

255 

650 

1200 

113,500 

79,500 

24 0 

62 3 ! 

228 


* Nead <»») 

t Reported as yield point 


D. QUENCHED AND TEMPERED HIGH-CARBON STEELS 

With the exception of rails and a few other railway materials 
such as wheels and tires, nearly all carbon steels containing more 
than 0 60 per cent carbon are used commercially in the heat- 
treated condition. A large part of this production is made into 
tools, dies, and springs. The chief requirement for tools is 
lardness; for dies and springs, hardness and a certain amount 
toughness are necessary. 

Depending upon the kind of tool and the service required from 
.he material, high-carbon tool steels contain between 0.65 and 
1.25 per cent carbon. They are usually quenched in cold water 
md tempered at 150 to 340°C (300 to 650°F.): at the lower 
temperatures of this range when it is only necessary to relieve 
strains, and at the higher temperatures to increase the toughness. 
Carbon steels for dies and springs contain 0.50 to 1.05 per cent 
3arbon; .die steels are water quenched, springs are usually oil 
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quenched; both are tempered to give the hardness and toughness 
required. The heat treatments for these various high-carbon 
materials have been carefully standardized^®^^^ and will not need 
to be discussed further 

The effect of quenching and tempering on the structure and 
physical properties of high-carbon steels has been discussed in 
detail in Volume I of this monograph (Chapters VI, VII, and IX) 
It will, therefore, suffice in this chapter to give attention only 
to the effect of tempering on the tensile properties 

77. The Brittleness of Quenched and Tempered High-carbon 
Steel. — The tensile properties of high-carbon steel are of minor 
practical importance as compared with the hardness; hence, 
there are few data available. Moreover, many of these data, as 
will be shown hereafter, are of little value. It is well known that 
fully hardened high-carbon steel is very brittle, and that quench- 
ing produces severe internal stresses which may cause immediate 
or later cracking and even complete disintegration of a tool or 
other finished section This is discussed in detail in Volume I 
of this monograph (pages 316 to 329) In many cases, internal 
stresses may be relieved and cracking prevented by tempering 
In other cases, however, internal cracks may form during 
or just after quenching which cannot be healed by ordinary 
reheating. 

Rawdon and Epstein^®®^ showed in 1922 that microscopic cracks 
may form in etched martensite, and Lucas^^®®^ pointed out in 
1931 that these cracks were evident after etching even when 
the steel had been tempered as high as 205®C. (400°F.). Daven- 
port, Roff, and Bain^®®^^ recently found that the brittleness of 
fully hardened and tempered steel is due, in part at least, to the 
presence of real or potential microscopic quenching cracks, 
and that these cracks, or their causes, may not be wholly removed 
by tempering once they are developed in the martensite. 

These investigators treated specimens of a steel containing 
0.74 per cent carbon, 0.37 per cent manganese, 0.145 per cent 
silicon, 0 039 per cent sulphur, and 0.044 per cent phosphorus 
so that the specimens differed only with respect to the cracks; 
composition, grain size, quenching temperature, and final 
hardness were identical. Specimens, 0 180 in. in diameter, were 
heated to 790^^0. (1450®F.), held 6 min., and quenched into a 
lead-alloy bath at 305°C. (580®F.) After 15 min. in the lead 
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bath, the specimens were quenched in water. Other specimens 
of the same size were heated to the same temperature for the 
same time and quenched into oil at 20®C. (70°F.) and tempered 
immediately in a lead-alloy bath at 315°C. (600T,). They 
were held at this temperature for 30 min. and also quenched into 
water. The resulting properties were as follows: 


Property 

Quenched 

In lead 

In oil 

Rockwell C hardness . . . 

50 4 

50 2 

Tensile strength, lb per sq in 

Yield strength (yield point), lb per sq 

282,700 

246,700 

in 

151,300 

121,700 

Elongation m 6 in , per cent 

1 9 

0 3 

Reduction of area, per cent 

Impact on 0 180-in round, un notched 

34 5 

0 7 

specimen, ft-lb 

35 3 

2 9 


Producing a crack-free steel by quenching in a lead-alloy bath 
at 305®C (580®F ) and holding at this temperature until the 
austenite was completely transformed was responsible for marked 
improvement in tensile and yield strengths and also in elongation, 
reduction of area, and impact resistance 

Davenport, Roff, and Bain also found that 

the seventy of the microcracking, and the consequent lowering of 
ductility, increases with the gram size of the austenite from which the 
tempered martensite is developed in the heat treating. Large austenite 
gram size has an injurious effect upon the ductility even of crack-free 
hardened steel, but the effect of microcracks is large in comparison with 
the influence of gram size alone.* 

Hughes and Dowdelb^^i) compared the mechanical properties 
and structure of 0.5-in. specimens of 0.34 and 0.49 per cent carbon 
steels quenched into hot lead with the properties and structure 
of the same material quenched in oil or water and tempered. 
No cracks were found in any of the specimens, but tempering 
temperatures as high as 480 to 660°C. (900 to 1200'^F.) were 
necessary to produce the same tensile properties and structure 

* The relation between grain size and mechanical properties is discussed 
in the next chapter 
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in the oil- or water-quenched specimens as weje obtained by 
quenching from the same temperature into lead maintained at 
345®C. (650°F.). 

78. Properties of Quenched and Tempered High-carbon 
Steels. — Because of the likelihood of the formation of microcracks 
in water or oil quenching high-carbon steel, and because of the 
effect of the austenite gram size, neither of which was taken into 
consideration by investigators until recently, there is reason to 
suspect the accuracy of nearly all of the older work on the proper- 
ties of quenched and tempered high-carbon steel Thus, the 
comprehensive investigation by Brinell as reported by Wahl- 
berg^^^ in 1901 on tempering water- and oil-quenched high-carbon 
steels may be dismissed with the bare statement that specimens 
were quenched in oil and water from 750, 850, and 1000°C. 
(1380, 1560, and 1830°F.), and mechanical properties were deter- 
mined on specimens as quenched and as tempered at 350, 550, 
and 650°C. (660, 1020, and 1200°F.). The principal conclusion 
to be drawn from BrinelFs data is that, in general, the use of 
higher quenching temperatures resulted in higher tensile and 
yield strengths and lower elongation and reduction of area. 

Three sets of data on the effect of tempering quenched high- 
carbon steel will be given, although it is possible that microscopic 
cracks of which the original investigators were unaware have 
affected the results to an unknown degree Nead^*®^ quenched 
oversize 0.505 X 2-in. gage specimens of high-carbon steels in 
oil (see pages 84 and 178 for complete analyses and quenching 
temperatures) and tempered them at 375, 460, 560, and 650°C. 
(705, 860, 1040, and 1200®F.) for 30 min. After grinding to size, 
the mechanical properties were determined. 

Nead's data on the tensile strength of the specimens containing 
1 01 and 1.46 per cent carbon tempered at the lowej* tempera- 
tures, on the yield strength of the specimens containing 0.83 and 
1.46 per cent carbon tempered at the lower temperatures, and on 
reduction of area of the specimens containing 0.71 and 1.22 per 
cent carbon tempered at the lower temperatures and of the 1.46 
per cent carbon specimen tempered at all temperatures were so 
improbable that they were not reproduced. Also, all of the 
data on the specimens containing 1.39 per cent catbon were 
considered to be too far from the truth to be reproduced. More- 
over, it is very probable that some of the points given in Fig. 69, 
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for example the tensile strength of specimens containing 0.71, 
0.83, and 1.22 per cent carbon tempered at 375°C. (706°F.), 
were affected by the presence of internal stresses or microcracks. 
This applies also to some of the values for reduction of area. 
Regardless of the absolute accuracy of Nead’s data, they are of 
value in showing that tempering reduces the tensile and yield 
strengths in a fairly uniform manner as the temperature is 
increased. 



Fig. 69 — Effect of tempering on the tensile properties of oil-quenched 0 506-in 
specimens of high-csrbon steel (NeadS^^^) 

French and Johnson determined the effect of tempering on 
the mechapical properties of oil- and water-quenched steel con- 
taining 1.04 per cent carbon, 0.17 per cent manganese, 0 14 per 
cent silicon, and less than 0.020 per cent sulphur and phosphorus. 
Specimens approximately 0.5 X 2 in., machined from 1-in. round 
bars which had been normalized at 815^^0. (ISOO^F.), were 
quenched in oil and in water after holding 30 min. at 790®C. 
(1450°F.). They were tempered 30 min at the temperatures 
shown by the points in Fig. 60. From their results French and 
Johnson concluded that 1 per cent carbon steels should be 
quenched from just above the Aci temperature and that for 
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the higher -tempering temperatures water quenching is to be 
preferred as it results in a much higher elastic ratio (Fig. 60). 

Tempering temperature, deg T 

600 800 1000 1200 600 800 lOOO • 1200 



1,04 per cent carbon, 0 17 per cent manganese steel quenched m oil and water 
from 790°C (1450°F ) and tempered 30 mm. at indicated temperatures {French 
and Johnson 

French and Johnson also investigated the effect of increasing 
the quenching temperature 

For bars tempered at 540®C (1000®F ), the strength, proportional 
limit, and hardness of oil-quenched specimens increase and maximum 
values are obtained after quenching from 845°C. (1550°F ) which is 
coincident with retention of all but a small part of the excess cementite 
A higher quenching temperature results in decreased strength. 

Quenching in oil from 846°C. (1550®F.) resulted in lower values 
for elongation and reduction of area than those plotjbed in Fig. 60 
for a quenching temperature of 790°C. (1450®F.). 

Standard property charts given by the Bethlehem Steel Com- 
pany/^®^^ showing the effect of tempering on water- and oil- 
quenched high-carbon steels, are reproduced in Fig. 61 The 
composition ranges and quenching temperatures of the materials 
are as follows: 
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Element 

• 

Percentage 

1080 

1095 

Carbon 

0 75 to 0 90 

0 90 to 1 05 

Manganese 

0 30 to 0 50 

0 25 to 0 50 

Silicon 

0 15 to 0 25 


Sulphur 

0 05 max 

0 055 max 

Phosphorus 

0 04 max 

0 04 max 

Quenched in oil from 

815°C (1500‘^F) 

800"C (1475"F) 

Quenched in water from 

SOO^C a475®F) 

790°C (1450°F) 


Specimens were 0.505 X 2 in and were machined (or ground) 
from l«in.-diameter heat-treated bars. Before quenching, the 
bars were normalized at 900°C. (1650‘^F.). Properties were 

Temperinq temperature, deg F 


Reduction of area 


mi 


Elongation in ? in 


Yield strength 


Tempering temperature, deg C 

Fig 61 — Effect of tempenng on the tensile properties of oil- and water- 
quenched high-carbon steel. Composition and heat treatment are given above. 
(Bethlehem Steel Company 

determined after tempering at 426, 540, and 660°C. (800, 1000, 
and 1200°F.). There are no details how many values were 
determined for each tempering temperature or how closely the 
individual determinations checked. 
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If the curves for the properties of oil-quenched and tempered 
1 01 per cent carbon steel (Nead), 1.04 per cent carbon steel 
(French and Johnson), and 1095 steel (Bethlehem Steel Com- 
pany) are compared, it will be noted that tensile-strength and 
elongation values check closely. French and Johnson^s values 
for proportional limit are slightly higher than Nead^s values for 
yield strength (yield point), and the Bethlehem Steel Company's 
values for yield strength are 10,000 to 15,000 lb. per sq. in. 
higher than the values of the other investigators. The reduction 
of area values by French and Johnson and by the Bethlehem 
Steel Company check closely. There is a wide variation between 
tensile- and yield-strength values for the water-quenched 1.04 per 
cent carbon steel as determined by French and Johnson and 1095 
steel as determined by the Bethlehem Steel Company for all 
tempering temperatures. Values for elongation check closely 
and for reduction of area fairly well. 

As the effect of tempering on the hardness of high-carbon steel 
is discussed in detail in Volume I of this monograph (pages 221 
to 226), it is unnecessary to reproduce the data here. The follow- 
ing is a brief summary of Epstein's discussion 

1. The hardness of quenched carbon steels tends to decrease 
gradually on tempering, the hardness versus tempering-tempera- 
ture curve being fairly smooth except for a rather sharp change in 
slope downward beginning at about 250°C. (480°F.). 

2. The time of tempering has an appreciable effect on the 
resulting hardness, although the magnitude of the time factor, 
for the lower tempering temperatures, is not so great as might be 
supposed. At relatively low tempering temperatures about 
75 per cent of the total softening which occurs in tempering for 
25 hr. will take.place in 20 min., and at higher temperatures in a 
much shorter time. If a small section of quenched eutectoid 
steel has a scleroscope hardness of 62 after tempering 15 min. at 
500°C (930°F ), it will have a scleroscope hardness of 58 after 
tempering 45 min. and of 56 after tempering 2 hr. and 15 min. 
at the same temperature. 

E. AUTHOR’S SUMMARY 

1. It might be tentatively concluded, subject to modification 
when more data become available, that (a) normalizing commer- 
cial hot-worked carbon steels improves the elongation and reduc- 
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tion of area and has little or no effect on the tensile and yield 
strengths; and (6) normalized carbon steels of fairly high purity 
(deoxidized with aluminum) have markedly lower tensile and 
yield strengths and, perhaps, in the medium-carbon ranges higher 
elongation and reduction of area than normalized commercial 
carbon steels. 

2. Available data on the properties of annealed low- and 
medium-carbon steels are conflicting (see Figs. 48 and 49). 

3. Results quoted (section 70) show that tensile strength, 
yield strength, and hardness decrease and elongation, reduction 
of area, and impact resistance increase when high-carbon steels 
are annealed or normalized in the temperature range 700 to 
850°C. (1290 to 1560°F.); these properties return to their original 
values when the steels are annealed or normalized at higher 
temperatures. 

4. In annealing steels containing 0 74 and 0.94 per cent 
carbon, there is little or no change in properties if the time for 
which the material is held at the annealing temperature is 
increased from 30 min. to 5 hr. 

5 The conclusion given in No. 1 above, that the tensile 
strength of hot-worked steel is affected little if at all by normaliz- 
ing, is valid only if the normalizing temperature is 900°C. 
(1650°F.) or higher, and possibly only if the carbon is less than 
1 per cent. 

6. Ingot iron (0.01 to 0,03 per cent carbon) and very low 
carbon steel can be hardened by quenching In the former, 
water quenching increases the tensile strength about 15 per cent, 
the yield strength about 65 per cent, and the hardness about 
35 per cent. The elongation is reduced 20 per cent and the 
reduction of area is unchanged. Quenching ^ 0 05 per cent 
carbon steel drastically in water doubles the tensile strength 
and halves the elongation. Water quenching a 0.15 per cent 
carbon rivet steel increases tensile strength about 30 per cent and 
yield strength about 65 per cent, as compared with the properties 
of the same material after annealing. The elongation is lowered 
about 30 per cent. 

7. The tensile strength, yield strength, and Brinell hardness 
of untempered small sections of oil-quenched steel increase 
linearly with the carbon content up to approximately 0.7 per cent. 
The elongation, reduction of area, and impact values decrease 
with increasing carbon content. Above 0.7 per cent carbon, 
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internal stresses and possible microscopic cracks produced by 
quenching may affect greatly the properties of quenched speci- 
mens; hence, published data for these higher carbon materials 
may not represent true properties of unstressed or uncracked 
material 

8. Brinell-hardness values indicate that, except in very small 
sections of high-carbon steel, full hardening does not result from 
oil quenching. Water quenching medium- or high-carbon steels 
apparently produces full hardening in small sections but results 
m such severe internal stresses and extreme brittleness that 
published data on mechanical properties of untempered water- 
quenched steel containing more than 0.20 to 0.30 per cent 
carbon have little or no meaning 

9. Low-carbon steels (less than 0.30 per cent carbon) are 
seldom used commercially in the quenched and tempered condi- 
tion, hence, data on their properties are relatively scarce Values 
are given in sections 74 and 75 which show the effect of tempering 
on the properties of quenched ingot iron, 0.05 per cent carbon, 
0 12 per cent carbon, 0.20 per cent carbon, and 0.26 per cent 
carbon steels, some of which have relatively high manganese. 

10. Property charts showing the effect of tempering are com- 
mon m the literature but are subject to many errors through 
variations in composition and variables introduced by differences 
in manufacture, grain size, heat-treating practice, and testing 
technique. Despite these sources of error, these charts are of 
value in indicating the properties which may be expected most 
frequently; hence, new charts have been prepared for steels con- 
taining 0.15 to 0.25 per cent carbon (1020), 0.30 to 0.40 per 
cent carbon (1035), 0 40 to 0.50 per cent carbon (1045), and, 
from a weighted average of the last two and other data, 0 37 to 
0 43 per cent carbon (1040) steel. In all charts but the one for 
1040 steel the expected properties have been indicated by an 
area instead of a line. 

11. These property charts and other data indicate that the 
best combination of properties for medium-carbon (0.30 to 
0.50 per cent) steels results from water quenching and tempering. 
Thus, for equal tensile strength, steels which have been water 
quenched and tempered have slightly higher yield strength and 
in some cases markedly higher elongation and reduction of area. 

12 Limited data indicate that increasing the manganese 
content of low- and medium-carbon steels from about 0.50 to 
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about 0.80 per cent increases the tensile and yield strengths 
10,000 lb. per sq. in. or more, depending upon the heat treat- 
ment, and lowers the elongation and reduction of area from a 
very small amount to as much as 30 per cent. 

13. Data are presented to show that in an oil-quenched 0.74 
per cent carbon steel, even when tempered at 305°C. (580®F.), 
microcracks may be present which affect the properties deleteri- 
ously. A crack-free steel of the same material treated to the 
same degree of hardness has markedly higher tensile and yield 
strengths, and very much higher elongation, reduction of area, 
and impact resistance. 

14. A large part of the older data on the properties of quenched 
and tempered high-carbon steel is of doubtful accuracy because 
of the probability of internal stresses and the possibility of 
microscopic cracks which would affect the results and which were 
not considered by the early investigators. Available concordant 
data on the properties of oil-quenched and tempered steel con- 
taining approximately 1 per cent carbon indicate that tempering 
has the following effect: 


j 

Tempenng j 
temperature 

1 

Tensile 
strength, 
lb per 
sq in 

Yield 
strength, 
lb per 
sq in 

Elongation 
in 2 in , 
per cent 

Reduction 
of area, 
per cent 

°c. 

op 

425 

800 

197,000 

120,000 

12 

33 

540 

1000 

178,000 

110,000 

14 

38 

650 

1200 

140,000 

92,000 

18 

44 

.700 

1300 

118,000 

80,000 

1 21 

48 


15. From the small amount of data available, it may be con- 
cluded that, for the higher tempering temperatures, water 
quenching a 1 00 to 1 10 per cent carbon steel produces a higher 
elastic ratio than oil quenching. If a reasonable amount of 
ductility, as measured by elongation and reduction of area, is 
required, quenched high-carbon steel should be tempered at 
540 to 650°C. (1000 to 1200°F.). For the high hardness desired 
in tools and dies, high-carbon steels are quenched in water and 
tempered at 150 to 340®C. (300 to 650®F.). The effect of such 
tempering on the hardness has been discussed in Volume I, 
Chapter VII, of this monograph. 





CHAPTER VII 


EFFECT OF CROSS-SECTION AND OTHER VARIABLES 
ON MECHANICAL PROPERTIES 

Effect of CrosS'-sechon on Mechanical Properties of Low-carbon 
Steels — Effect of Cross-section on Mechanical Properties of Mediwmr 
carbon Steels — Effect of Cross-section on Mechanical Properties of 
High-carbon Steels — Effect of Grain Size and Other Variables — Author* s 
Summary 

The amount of static stress which may be imposed upon a 
piece of wrought carbon steel before failure occurs depends upon 
a large number of variables The three most important of these 
vanables have been discussed in the previous chapters. For 
commercial carbon steels these are: (1) the amount of carbon, 
(2) the mechanical treatment, i.e., whether the material was hot 
or cold worked and the variations in hot- and cold-working 
practice, and (3) the thermal treatment, if any, which the mate- 
rial underwent during or subsequent to mechanical treatment. 

There are also other variables, probably less important than 
these three, which are discussed in the present chapter. These 
are: (a) the effect of variations in cross-section, the so-called mass 
effect, (6) the effect of grain size, and (c) the effect of aging or 
resting for relatively long periods of time at or near room tempera- 
ture on the properties of high-carbon steels. Of these, the 
mass effect is probably the most important, although enthusiasts 
on grain-size control may disagree. Aging effects in high-carbon 
steel are of little practical interest and have, therefore, received 
only brief mention. All three of the variables discussed in the 
present chapter are of importance only — or at least of impor- 
tance primarily — if the steel has Jieen subjected to a prior heat 
treatment. 

A. OF CROSS-SECTION ON MECHANICAL PROPERTIES 

" OF LOW-CARBON STEELS 

As was emphasized in Voiunfe I of this monograph, the hard- 
ness and strength of a quenched iron-carbon alloy containing 
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more than a very small amount of carbon depend primarily upon 
the rate with which the heat is extracted in quenching. As 
the quenching medium acts very rapidly upon the surface of the 
piece, this surface area and the layers near the surface cool 
quickly In very small sections the rate of cooling at the center 
is controlled chiefly by the properties of the quenching medium, 
t 6., by the rate at which the coolant can abstract heat from the 
surface. As the cross-section increases, however, the rate at 
which heat can pass through the steel from center to surface — 
the diffusivity — becomes of increasing importance, and in large 
masses it is the controlling factor 

79. Importance of the Mass Effect. — In sections of large mass 
the cooling rate on quenching decreases as the distance from 
the surface increases, and, as -a corollary to this, hardness and 
strength decrease progressively from the surface to the center. 
The greatest difference in properties is found in untempered 
material; this difference diminishes progressively as the steel is 
tempered at increasing temperatures For example, assume that 
a 2-in. section as quenched has a Brinell hardness of 500 at the 
surface and 300 at the center. After tempering at 400^^0 
(750°F.) the Brinell-hardness values will be 400 and 300 respec- 
tively; after tempering at 600°C (1110°F ) the hardness will be 
the same throughout the cross-section, 300 at center and surface 

The importance of mass effect is clear For most of the 
commercial applications of heat-treated carbon steel the engineer 
must know the strength and hardness of the entire section which 
is being used ; to him the average properties, or m some cases the 
minimum properties, are the important ones, not the properties 
of the surface layers. It is, however, usually impracticable to 
determine the average properties by testing an entire large 
section (for example an automobile drive shaft or a locomotive 
drive rod), consequently, in most cases, the strength must be 
ascertained from small specimens which can be broken in the 
usual laboratory machine. 

As the change in properties with mass is not usually a linear 
function of the distance from the surface, a large number of 
investigations have been made to determine the actual mechan- 
ical properties in heat-treated carbon and alloy steels of different 
cross-sections, some of them under the direction of such organiza- 
tions fts the Society of Automotive Engineers in the United States 
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and the Steel Research Committee of the Institution of Auto- 
mobile Engineers of Great Britain. Some of these data are 
summarized hereafter. 

80. Low -carbon Steels of Moderate Cross-section. — The most 
extensive set of data on the effect of section on the mechanical 
properties of carbon and alloy steels, reported in 1920, was 
obtained by the Steel Research Committee^^^^ mentioned above. 
These data are especially important as they were secured on 
steels of definite composition and not on material having a 
composition range. The Committee treated hot-rolled rods 
under carefully controlled conditions British standard speci- 
mens (0.564 in. in diameter with a 2-in gage) were cut from the 
core of each rod. Tests were made by three different laboratories 
and the results correlated, weighted, and averaged. With the 
exception of some of the yield-strength values, the results 
obtained by the different laboratories were in good agreement. 

The effect of increasing the section from in. on the 

tensile and impact properties of two low-carbon steels is plotted 
in Fig. 62. In both of these steels the sulphur and phosphorus 
were relatively high: for A the percentages were 0.080 and 0.048, 
and for B 0.066 and 0.049 respectively. The double quenching 
in water was used to simulate the treatment frequently given 
to carburized material: namely, water quenching from 900®C. 
(lOfiO'^F ) to refine the core, followed by water quenching from 
760°C. (1400°F.) to harden the case 

As would be expected, the tensile- and yield-strength values 
decrease with increase in section — the decrease being greater with 
the higher carbon steel — and the elongation and reduction-of- 
area values increase. The peak in Izod impact values, in both 
steels, for the specimens of 1 to 1.5-in diameter is noteworthy. 

The properties of a steel containing 0.21 per cent carbon and 
0 64 per cent manganese were determined by Lee and Schade^®®’^ 
after quenching bars, and in thick, in water. As quenched, 
the section had a tensile strength of 142,000 lb. per sq. in. 
and the 3^^-in. section a strength. of 116,500 lb per sq. in.; after 
tempering at 480°C (900°F.) the tensile strength of both sections 
was 99,000 lb. per sq. in. 

81. Heavy Sections of Low-carbon Steel. — Maurer and 
Korschan^®^®^ recently reported the results of a study of the 
properties of heat-treated 100-ton forgings of carbon, manganese, 
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nickel, and nickel-chromium-molybdenum steels. The average 
analysis of the carbon steel was 0.17 per cent carbon, 0.53 per 
cent manganese, and 0.27 per cent silicon; it was a mixture of 
acid and basic open-hearth materials and was cast into an octag- 
onal ingot whose inscribed diameter at the base was 2030 mm. 
(80 in.) and whose length was approximately 3500 mm. (137.8 
in.). The ingot was hot pressed to give three abutting cylinders 



Fig 62 — Effect of section size on the mechanical properties of low-carbon 
steel quenched in water from 900®C (1650®F), reheated to 760®C (1400°F), 
and agam quenched m water Specimens tested were 0.564 X 2 in , machined 
from the core of round bars heat treated in the sizes indicated. {Sled Research 
CommvtteeM^^) 

having diameters of 1450, 1180, and 920 mm. (57.1, 46.5, and 
36.2 in ), which represent elongations of 2, 3, and 5 times respec- 
tively or reductions in cross-sectional area of 50, 67, and 80 
per cent. After forging, the three cylindrical sections were cut 
apart and annealed at a temperature between 620 and 630°C. 
(1150 and 1165°F.). The cylinders were then cooled in air 
from 900°C. (1650°F.) and tempered at 620 to 630®C. (1150 to 
1165°F.). A hole, the diameter of which was approximately 
one-tenth of the diameter of the cylinder, was then drilled through 
the axis of each cylinder, and the cylinders were again heat 
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lensilesfrengfhjeffscak^kq per sq mm, right ^le^fhousandlhper sqm 

Yield strength, left scale, kg persg mm, right scale, thousand Ihpersq m 

— Elongation, I ? Set, percent 
— — — Reduction of area, per cent 
........ f^otch impact resistance,m-kg persq cm 


Composition 


Longitudinal properties 


Oil quenched from 
900"C (I650‘’F) and 
tempered ort 620 to 630®C 
(ll50foll65“F) 



15 13 II 9 1 5 3 I 15 13 II 9 7 6 3 

Specimen number 


Fiq. 63 — Composition and longitudinal properties throughout the cross-sec- 
tion of large forgings with an average composition of 0 17 per cent carbon, 0 63 
per cent manganese, and 0 27 per cent (Silicon. Each specimen number repre- 
sents a section of about 1 6 in , begmning at the core of the forging. {Maurer 
and KoreehanM^^^) 
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treated by quenching in oil from 900®C. (1650°F.) and tempering 
at 620 to 630°C. (1150 to 1165®F.). After each treatment, 

■' Tensilesfrtngth.kffxak^kg persqmm,righi-scoik^fhouscincl Ih persq in 

Yield strength, hff scale, kg persq mm^ right scale, thousand lb persq m 

— Elongation, l^5d, per cent ^ 

— — ^ Reduction of area, per cent 
........ flotch impact resistance, m-kg persq cm 
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in 

cross-section 


Air ciuenched from 
900*C (l650®F)and 
tempered at 620 to 630®C 
(ll50tolI65‘F) 

Core Rim 


Oil quenched from 
SOO’CdeSO’Fland 
tempered at 620 fe 630*C 
(ll50tolI65*F) 

Core Rim Drillhole 
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Fig 64. — Transverse properties of large forgings whose composition and longi- 
tudinal properties are given in Fig 63 {Maurer and Korschan 

sections for testing were cut from each cylinder. Tensile and 
impact specimens were cut at different locations between the 
surface and the center of each section. Specimens whose axes 
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were at right angles to the direction of elongation in pressing 
(tangential specimens) were considered to give the most useful 
measure of the properties of the forgings, and the properties in a 
direction parallel to the elongation were reported only for the 
oil-quenched and tempered material. 


Table 52 — Average Properties throughout the Cross-section of a 
Very Large Forging Containing 0 17 Per Cent Carbon, 0 53 
Per Cent Manganese, and 0 27 Per Cent Silicon* 


Diameter 

Treatmentf 

Direc- 
tion t 

Tensile 
strength, 
lb per 
sq in 

Yield 
strength, 
lb per 
sq in 

Elonga- 

tion 

il - 6d), 
per cent 

Reduc- 
tion of 

area, 
per cent 

Charpy 
impact, 
m-kg 
per sq 

cm 

mm 

in 

920 

36 2 

None 

T 

67,300 

26,900 

20 

2 

23 

0 

3 9 



Annealed 

T 

59,200 

26,500 

23 

6 

31 

0 

3 8 



Air quenched 

T 

67,100 

28,200 

18 

6 

24 

4 

6 6 



Oil quenched 

T 

59,000 

29,000 

17 

4 

24 

0 

6 6 



Oil quenched 

L 

63,100 

31,000 

33 

6 

49 

6 

15 4 

1180 

46 5 

Annealed 

T 

68,900 

26,600 

28 

5 

40 

7 

3 8 



Air quenched 

T 

67,200 

27,000 

22 

0 

29 

3 

10 1 



Oil quenched 

T 

60,600 

28,600 

22 

3 

32 

4 

7 1 



Oil quenched 

L 

61 , 100 

29,000 

33 

1 

56 

6 

13 2 

1460 

67 1 

Annealed 

T 

61,000 

27 , 800 


9 

48 

6 

3 9 



Air quenched 

T 

65,700 

28,000 

26 

0 

34 

0 

6 1 



Oil quenched 

T 

66,200 

29,300 

25 

4 

39 

0 

7 9 



Oil quenched 

L 

63,700 

30,600 

31 

4 

50 

0 

11 0 


* Maurer and Korschan (•so) 

t See top of Figs 63 and 64 for quenching and tempering temperatures 
t L “ longitudinal, T »» transverse 


The data obtained by Maurer and Korschan on the carbon 
steel are summarized in Figs. 63 and 64 The curves at the left 
of Fig. 63 show how the composition of the three sections varied 
from surface to core (the specimens were numbered beginning 
at the core) Table 52 gives the average properties of the 
material of the three sections after the different heat treatments. 
In general, there is a tendency for the strength to decrease from 
surface to core, which decrease may be accompanied by a 
decrease in ductility. Oil or air quenching followed by tempering 
improved the impact resistance even of the cylinder 1450 mm. 
(57.1 in.) in diameter. Longitudinal specimens, of the oil- 
quenched material, yielded higher values for elongation and 
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reduction of area and much higher values for Charpy impact 
resistance than transverse specimens, but the transverse proper- 
ties are not nearly so poor as would be expected on the basis of 
Charpy^s work mentioned in Chapter IV. 

All the data which have been discussed so far in this chapter 
have been obtained from hot-worked and heat-treated steels. 
The size of the section has an appreciable effect also on the 
mechanical properties of cast steels. This was discussed in 
detail in Chapter II (pages 43 to 49) where it was shown that 
in general better mechanical properties can be secured in castings 
of small section than in large ones, and that m the latter the 
core of the casting is inferior in properties to material near the 
surface. When castings are heat treated, the effects of mass are 
much the same as when a hot-rolled section is heat treated, 
namely, that tensile and 3 aeld strengths are comparatively high 
in the portions near the surface and decrease as the distance from 
the surface increases. 

B. EFFECT OF CROSS-SECTION ON MECHANICAL PROPERTIES 
OF MEDIUM-CARBON STEELS 

There are many more data available on the effect of mass on 
the mechanical properties of medium-carbon steels than of low- 
carbon steels This is natural; most of the low-carbon steels 
are not heat treated, and, although this class of material is used 
extensively in the form of heavy sections (structural steel, for 
instance), the slight difference in the mechanical properties 
throughout the section of a hot-rolled piece is usually not of 
major importance The medium-carbon forging steels, on the 
contrary, are widely used in large heat-treated sections for 
highly stressed structural members; consequently, the effect of 
mass becomes of primary importance This is the reason why 
most of the published data on the properties of carbon steels of 
different cross-sections have been obtained on S A.E. 1045, the 
composition range of which is 0:40 to 0.50 per cent carbon and 
0.60 to 0.90 per cent manganese. 

82. Property-mass Charts for 0.40 to 0.60 Per Cent Carbon 
Steel. — S.A.E. 1045 is the most frequently used of the medium- 
carbon steels. It is usually quenched in water and tempered at 
540 to 650°C. (1000 to 1200®F.). The effect of mass on the 
mechanical properties of this steel has been determined by the 
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Society of Automotive Engineers^^^^^ and the International 
Nickel Company The specimens used were taken longi- 
tudinally midway between the surface and the axis of bars of 
increasing diameter quenched from 815 to 845°C. (1600 to 
1550®F.) for the smaller sizes or from 855 to 870°C. (1575 to 
1600°F.) for the larger sizes. 



Dioimeter of section, in 


Fig 66 — Effect of section size on the tensile properties of 0 40 to 0 50 per 
cent carbon, 0 60 to 0 90 per cent manganese (1045) steel. Specimens tested 
were 0 605 X 2 in , taken midway between surface and center of water-quenched 
and tempered bars of the sizes indicated {Society of Automotive Engineers 
and International Nickel Company 

The effect of mass on the properties of 1045 steel water 
quenched and tempered at 540 and 650°C. (1000 and 1200°F.), 
and on the same steel oil quenched and tempered at the same 
temperatures, is charted in Figs. 66 and 66. For the former the 
data of the Society of Automotive Engineers and the Inter- 
national Nickel Company, which checked closely, were averaged. 
In both charts the average valu^ for steel of the same composi- 
tion range, tempered at the same temperatures, taken from Fig. 
56, page 200, are plotted by solid circles at the left of the curves. 

Figures 66 and 66 show that the effect of mass is less evident 
when the material is oil quenched than when it is water quenched, 
and that for the same quenching treatment the effect of mass is 





224 


THE ALLOYS OF IRON AND CARBON 


less evident when the sections are tempered at 650°C. (1200°F.) 
than when they are tempered at 640^^0 (lOOO^F.). 

The effect of section size on the properties of a steel containing 
0.45 per cent carbon, 0.78 per cent manganese, 0.32 per cent 
silicon, 0.020 per cent sulphur, and 0.025 per cent phosphorus 
was determined on bars of to 3-in. diameter by the Steel 
Research Committee^®^^ after quenching in water and oil from 



Fig 66 — Effect of section size on the tensile properties of 0 40 to 0 50 per 
cent carbon, 0 60 to 0.90 per cent manganese (1045) steel Specimens tested 
were 0.505 X 2 in , taken midway between surface and center of oil-quenched 
and tempered bars of the sizes indicated {Society of Automotive Engineers 


870®C. (1600°F.) and after water quenching followed by temper- 
ing at 500 and 600°C. (930 and lllO'^F.) The results, plotted 
in Figs. 67 and 68, show the same trends as those in Figs 65 and 
66, except that the decrease in reduction of area with increase of 
section, pronounced in Figs. 65 and 66, is not confirmed by the 
data of the Steel Research Committee (Fig. 68). 

The specimens treated by the Committee had markedly higher 
strength than the ones tested by the Society of Automotive 
Engineers and the International Nickel Company. This is 
evident from the following tabulation, which gives the strength 
properties of the water-quenched specimens tempered at 600°C. 
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(1110°F.), from Fig 685, and of those tempered at 540®C. 
(1000°F.), from Fig. 65i4. 



1-in section 
tempered at 

2-in section 
tempered at 

3-in section 
tempered at 


600°C 

(1110®F) 

640®C 
(lOOO^^F ) 

eoo'^c 

(1110°F) 

640°C 
(1000®F ) 

600®C 

(1110°F) 

640‘’C 
(1000®F ) 

Tensile strength, lb per 
sq in 

117,000 

116,000 

110,000 

104,000 

108,000 

97,000 

Elongation in 2 in , per 







cent 

24 

19 

26 

26 

26 

26 

Reduction of area, per 







cent 

61 

51 

61 

60 

69 

49 


Despite the fact that the Committee’s specimens were tem- 
pered 60°C. (110°F.) higher than the specimens tested by the 



Diameter of section, in 


Fig 67 — Effect of section size on the mechanical properties of a quenched 
and untempered 0 46 per cent carbon, 0.78 per cent manganese, 0 20 per cent 
silicon steel Specimens tested were 0.604 X 2 m , cut from the core of round 
bars quenched in the sizes indicated {Sled Research Committee 

Society of Automotive Engineers and the International Nickel 
Company, the tensile strength of the Committee's specimens is 
appreciably higher, especially in the larger sections, and the 
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reduction of area is much higher in the specimens from all 
sections. This discrepancy in the data on the effect of mass 
should be cleared up by further work. 

The marked decrease in Izod impact with section increase 
in the water-quenched and tempered specimens (Fig. 68^4. and B) 
and the much higher impact of the tempered small sections as 
compared with the untempered specimens (Fig. 68A and B and 
Fig 67A) should be noted. 



Diameter of section. m. 


Fig. 68. — Effect of section size on the mechanical properties of a water 
quenched and tempered 0.46 per cent carbon, 0 78 per cent manganese, 0 20 per 
cent silicon steel. Specimens tested were 0 664 X 2 in., cut from the core of 
round bars heat treated in the sizes indicated. {Steel Research CommitteeM^^) 

The effect of mass on the maximum strength and the propor- 
tional limit in torsion is shown in Fig, 69. The curves are for 
S.A.E. 1040 steel, water quenched and tempered at increasing 
temperatures. 

83. Other Data on the Effect of Mass on Medimn-carbon 
Steel. — ^Lake^^^^^ investigated the tensile properties of longitudinal 
specimens cut from different locations in a 4.5-in. axle of a 
0.40 per cent carbon steel. The location and size of the speci- 
mens are shown in Fig. 70 and the resulting properties in Table 
63. All of the specimens were of standard dimensions (0.606 in. 
in diameter) except A, which had a diameter of 0.312 in. and was 
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Tempering 1emperci+ure,degX. 

400 500 600 700 



Tempering temperature, deg. F, 

Fig 69 — Effect of section size and tempering temperature on the torsional 
properties of 0 35 to 0 45 per cent carbon, 0 60 to 0 90 per c^nt manganese (1040) 
steel, water quenched from 830 to 870°C (1525 to 1600°F ) in the sizes indicated. 
Specimen size not given (International Nickel Company 
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taken directly at the surface. Table 53 gives the properties of 
the axle as annealed, and as oil quenched after 1.5 hr. at 800°C. 
(1475°F.) and tempered 1 hr. at 400°C. (750°F.). In the 
annealed condition the size of section has little effect except 
possibly for the higher elongation values of the center specimens 
In the oil-quenched and tempered specimens the effect of section 
is marked; the properties of the center specimen {H) are almost 
the same as the properties of the annealed specimen from the 
same location. Law^^®^ heated 18-in. cubes of a steel containing 
0.34 per cent carbon, 0 19 per cent silicon, 0.74 per cent man- 


Tabls 53 — Effect of Mass on Tensile Properties of a 4 5-in Axle of 
0 40 Per Cent Carbon Steel* 


Speci- 


Annealed 


Oil quenched and tempered at 400®C. 
(760°F ) 

men 

(see 

Tensile 

Yield 

Elonga- 

Reduc- 

Tensile 

Yield 

Elonga- 

Reduc- 

Fig 70) 

strength, 

strength. 

tion in 

tion of 

strength. 

strength. 

tion in 

tion of 


lb per 

lb per 

2 in , 

area. 

lb per 

lb per 

2 in , 

area. 


sq. in. 

sq in. 

per cent 

per cent 

sq in 

sq in 

per cent 

per cent 

A 

82,000 

52,200 

23 

52 

131,000 

117,000 

22 

55 

B 

81,800 

51 , 100 

26 

55 

133,100 

119,300 

21 

52 

C 

83,300 


i 26 

58 

145,400 

128,700 

20 

48 

D 

80,500 


1 25 

56 

128,600 

110,400 

24 

57 

E 

83,000 


29 

52 

1 108,200 

87,500 

27 

58 

H 

82,400 


30 

57 

84,500 

1 

1 

53,000 

30 

1 

60 


* Lake.<”»> 


ganese, 0.20 per cent nickel, 0.022 per cent sulphur, and 0 032 
per cent phosphorus to 900°C. (1650°F.) and cooled them in air, 
in oil, in water, and by a water spray. Sections were cut from 
each cube, from face to opposite face, and tested for tensile and 
yield strengths, without tempering. Figure 71 shows the results. 

In a recent study of deep-hardening abilities Kallen and 
Schrader^^®^^ used two carbon steels and 12 low-alloy structural 
steels. As the carbon steels had almost identical compositions 
and hardening characteristics, the properties of only one of them 
are given here. This contained 0.45 per cent carbon, 0.79 per 
cent manganese, 0.3 per cent silicon, 0.022 per cent phosphorus, 
and 0.021 per cent sulphur. Round rods 20, 50, 100, and 
200 ipm. (0.79, 1 97, 3.94, and 7.87 in.) in diameter were used. 
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Test specimens were cut from the cores of all rods after heat 
treatment, and specimens were also cut from just below the 
surface of the rods 100 and 200 mm. in diameter. Samples were 
forged to the sections required; the difference in amount of hot 
working might have influenced the properties of the heat- 
treated material somewhat. All samples were normalized and 



Number of test piece 


Fig. 71. — Tensile properties from surface to center of 18-in cube containing 
0 34 per cent carbon, 0 74 per cent manganese, 0.19 per cent silicon, and 0.20 per 
cent nickel, quenched from 900°C. (1650®F.) as shown and not tempered 
(Law 

then annealed before quenching. The Brinell-hardness values 
throughout sections of varying dimensions after quenching in 
water from 840°C. (1545®F.) and tempering at 550°C. (1020*^.) 
are shown in Fig. 72. Other properties of the heat-treated steel 
are shown in Table 54. The investigators concluded that the 
elastic ratio, ratio ‘of yield strength to tensile strength, afforded 
the best measure of deep-hardening properties. As the data 
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in the table show, this ratio decreases as the section increases, 
which is due to the fact that the tensile strength remained sub- 
stantially constant with increased section while the yield strength 


Distance from surface, in 



Distance from surface, mm 


Fig 72 — Effect of section size on the Bnnell hardness of a steel containing 


0 45 per cent carbon, 0 79 per cent manganese, and 0 3 per cent silicon, water 
quenched from 846®C (1545°F ) and tempered at 650®C (1020®F.) {Kallen 
and Schrader 



1200 1300 1400 (500 i600 1700 1800 (900 2000 


Quenching temperature, deg F. 

Fig. 73. — Effect of quenching temperature and mass on the Vickers-Brinell 
hardness of 0.30 to 0.40 per cent carbon (1035) steel. {McMullanS^^^) 


decreased appreciably. It is probably safe to conclude that the 
core of specimens over 20 mm. (0.79 in.) in diameter was not 
efifectively hardened in quenching, and that the strength proper- 
ties of the 20-mm. specimen were those of a quenched and 
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tempered steel, while those of the large specimens were of a 
normalized material 

The effect of quenching temperature and mass on the hardness 
of water-quenched S.A E 1035 steel was reported by McMul- 

lan.^271) 

^ and 1^ in in diameter were quenched and the 
Vickers-Brinell hardness was measured at surface and center 
The values are shown in Fig. 73. Under the conditions of 
quenching — the specimens were agitated in the water — a high 


Table 54 — Properties of a Steel Containing 0 45 Per Cent Carbon, 
Quenched in Water from 840°C (1545®F ) and Tempered at 
550°C (1020°F)* 


Diameter of 
treated specimen 

Location 

of 

speci- 

men 

Tensile 
strength, 
lb per 
sq in 

Yield 
strength, 
lb per 
sq in 

Elastic 

ratio 

Elonga- 

tion 

(Z » 6d), 
per cent 

Reduc- 
tion of 

area, 

per cent 

Charpy 
impact 
value, 
m-kg 
per sq 

cm 

mm 

in 

20 

0 79 

Core 

113,000 

97,000 

0 86 

19 6 

62 

16 

60 

1 97 

Core 

110,000 

76,600 

0 69 

21 5 

68 

7 5 

100 

3 94 

Surface 

110,000 

71,000 

0 66 

20 

56 

8 

100 

3 94 

Core 

106,000 

68,000 

0 65 

23 

66 

7 6 

200 

7 87 

Surface 

114,000 

72,000 

0 63 

16 

54 

6 

200 

7 87 

Core 

106,000 

64,000 

0 61 

23 5 

66 

4 5 


* Kalleii and Schrader 


quenching temperature produced a relatively great mcrease in 
hardness at the center of the ^-in. bar but had little effect upon 
the 1^-in bar. 

84. Heavy Sections of Medium-carbon Steel. — In discussion of 
a paper by Greene^^®®^ Fry summanzed the properties of large 
locomotive forgings made from 26 heats of acid open-hearth 
steel containing 0 42 to 0 52 per cent carbon, 0.53 to 0 69 per 
cent manganese, 0 19 to 0.32 per cent silicon, 0 024 to 0 037 per 
cent sulphur, and 0 027 to 0 045 per cent phosphorus The 
ingots were pressed to billets, the forgings made, normalized, 
and annealed. The crankpins aqd piston rods from which the 
specimens were taken ranged from 5 % in. to 8% in. in diameter 
and the connecting rods were 3 or 5 in by 10 or 11 in. The 
driving axles were 10 % to 11)^ in. in diameter Fry’s values 
are given in Table 55; normalizing and annealing temperatures 
were not given. 
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MacPherran and Harper/^ 29 ) report on the effect of a 
spheroidizing anneal on the properties of large forgings, gave the 
data reproduced in Table 56. The heat treatments given to the 
forgings from which the specimens were cut were as follows: 

Number Treatment 

lA Annealed 5 hr at 795°C (1465°F ) and furnace 

cooled 

IB Same as lA, followed by spheroidizing 36 hr at 

675°C (1250°F ) and furnace cooling 
2A Annealed 8 hr at 800°C (1475°F ) and furnace 

cooled 

2B Same as 2A, followed by spheroidizing 56 hr at 

675®C (1250°F ) and furnace cooling 
3 Annealed 8 hr at 815°C (1500°F ) and furnace 

cooled; reheated 4 hr at 700°C (1290°F ) and 
furnace cooled 

The spheroidizing treatment lowered the tensile and yield 
strengths and increased greatly the values for elongation and 
reduction of area 

The study by Maurer and Korschan on the mechanical proper- 
ties of large sections of low-carbon steel (see page 217) was con- 
tinued by Maurer and Gummert^^^*^ who used a medium-carbon 
steel, melted in two basic furnaces, containing about 0 30 per 
cent carbon, 0.25 per cent silicon, and 0 65 per cent manganese 

Table 55 — Mechanical Properties of Normalized and Annealed 
Acid Open-hearth Steel Containing 0 42 to 0 52 Per Cent 
Carbon and 0 53 to 0 69 Per Cent Manganese* 

Crankpins, connect- 
ing rods, piston rods Driving axles Over 
Less than 9 in in 9 in m diameter; 17 
diameter or thick- tests 

Property ness; 43 tests 

Aver- Maxi- Mini- Aver- Maxi- Mini- 
age mum mum age mum mum 

Yield strength, lb per sq in 54 , 000 56 , 000 5 1 , 000 54 , 300 56 , 000 50 , 500 
Tensile strength, lb persq in. .90,30096,000 85,000 90,700 93,500 85,500 
Elongation in 2 in , per cent 25 5 28 0 23 5 24.8 26 5 22 0 

Reduction of area, per cent 43 3 52 0 37 5 40 3 45 0 37 5 

* Fry, III discussion of paper by Greene <***> 





Table 56. — Mechajjical Properties of Large Forgings as Annealed and as Spheroidized 
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[, tangential* and radial values all agreed closely. 


234 


THE ALLOYS OF IRON AND CARBON 


with sulphur at about 0.02 per cent and phosphorus slightly 
lower. Approximately 0.12 per cent nickel and 0.02 per cent 
chromium were also present. A carbon-manganese, a nickel, 
and a nickel-chromium-molybdenum steel were also studied, as 
in the previous work. 

The 45-ton ingots [1430 mm. (56 in.) base, 1530 mm. (60 in.) 
top, 2800 mm. (110 in.) high] were forged down to sections 650, 
840, and 1020 mm. (25.6, 33, and 40.2 in.) in diameter, equivalent 
to an elongation of 2, 3, and 5 times. The tests were carried on 
as in the previous work (see page 217). The results are shown 
in Figs. 74 and 75. 

In general, in the large forgings of 0.30 per cent carbon steel, 
as in the large forgings of 0 17 per cent carbon steel discussed 
previously (page 221), there is a tendency for the strength to 
decrease from surface to core. The properties of the longitudinal 
specimens are generally better than the properties of the trans- 
verse specimens similarly treated; but the transverse properties 
are considerably better and in general more uniform than is 
evident in some of the other work on large forgings. Doubtless 
the cleanness of the steel is an important factor in the transverse 
properties of large sections. 

Maurer and Gummert called attention to the fact, which is 
evident from a study of Figs 74 and 75, that there is little 
difference in properties of the forging which was reduced 80 per 
cent and the forging which was reduced 50 per cent. These 
investigators also attempted to trace the relation between the 
grain size and properties of their 45-ton ingot and the forgings 
made from it and the grain size and properties of the 100-ton 
ingot used by Maurer and Korschan. They found that there is a 
considerable difference in grain size between rim and core in 
both ingots and in the forgings made from these ingots but that 
this difference is almost eliminated by air quenching and is 
further decreased by oil quenching. Regardless of the heat 
treatment, however, there is a difference in grain size between 
the 45-ton and the 100-ton ingots which persists through the 
forging operation. Because of the large difference in carbon 
(0.30 per cent versus 0.17 per cent), it is difficult to detect from 
Maurer and Gummert^s curves (not reproduced here) if this 
difference in actual grain size has any direct relation to the 
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Tens/k strength Jeff scale.kg persq mm,nghtscale,thousan<llbpersqm 
■ ” Yield strength, left scale, kg persg mm, right scale, thousand lb per sg m 

Elongation, I -Sd, per cent 

— * — * — Reduction of area, per cent 
......... Notch impact resistance, m-kg persq cm 

Composifion Longitudinoil properties 

Oil quenched from 
a70*C(l600*F)ond 
tempered at 620 to 630®C 
(llS0toll65*F) 

Reduction R,m Core Rim Onllholc 




Spec I m e'n number 

Fio. 74 — Composition and longitudinal properties throughout the cross- 
section of large forgings with an average composition of 0 30 per cent carbon, 
0.65 per cent manganese, and 0.25 per cent silicon Each specimen number 
represents a section of about 1.5 m., beginning at core of forging {Maurer and 
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Fig. 76. — Transverse properties of large forgings whose composition and longi 
tudmal properties are given m Fig. 74. {Maurer and QummertP^^) 
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C. EFFECT OF CROSS-SECTION ON MECHANICAL PROPERTIES 
OF HIGH-CARBON STEELS 

Although practically all high-carbon steels are used in the heat- 
treated condition there are few data on the tensile properties of 
small sections and even fewer on the effect of mass This is 
to be expected; as was emphasized in the last chapter, the tensile 
properties of commercial iron-carbon alloys containing more than 
about 0.65 per cent carbon are of minor practical importance as 
compared with those properties by which one may judge the 
fitness of a high-carbon steel for tools, dies, and the like The 
few data on the tensile properties of these steels as quenched and 
tempered are summarized on pages 204 to 211. The fewer 
data on the effect of mass are given below 

85. Factors Complicating the Mass Effect in the Heat Treat- 
ment of High -carbon Steels. — In the first volume of this mono- 
graph Epstein discussed at length the variables which affect the 
transformation of austenite to martensite and the structural and 
other changes which take place when a quenched (martensitic) 
carbon steel is tempered. Included in this discussion were data 
on the effect of mass (Volume I, pages 286 to 294) It is well 
known that, with the usual conditions of heat treatment, even 
relatively small sections of high-carbon steel do not harden 
throughout. Even with the most drastic quenching, the hard- 
ened layer on a 1-in. round bar may be no more than 3^^ or 34 
thick Not only is there this well-known mass effect, but there 
is also, as Epstein showed (page 188), a variation in the harden- 
ability of carbon steels of apparently the same composition and 
cross-section, treated in the same way. Epstein reviewed the 
work of Bain and others in this field and concluded that, tenta- 
tively at least, differences in hardenability may be attributed 
chiefly to oxides and grain size. The latter seems to be the most 
potent single factor in increasing the hardening capacity, and 
this in turn seems to be controlled by finely dispersed particles, 
presumably stable oxides such as aluminum oxide. 

For certain applications, shallow hardening may actually be 
advantageous because it results in the production of parts having 
a hard wear-resistant surface and a softer but tougher core. For 
other applications, however, ai^in springs and some small tools, 
it is essential that the steel harden throughout; thus, for such 
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parts attention may have to be given to the inherent harden- 
ability as well as to the effect of mass. 

86. Data on the Effect of Mass on High-carbon Steels. — 
Because of the great difference in the inherent hardenability 
of high-carbon steels of the same composition and cross-section 
it is obviously impossible to discuss adequately the influence 
of section on the properties of these steels, even if any data 
were available. This is shown clearly by Fig. 76 from Bain,^^®*^ 



Fio. 76 — Hardness of the cross-section of eight 1-in. diameter round bars of 1 per 
cent carbon tool steel given the same hardening treatment. {Bam 

who explored the hardness across 1-in. diameter bars of eight 1 per 
cent carbon steels of almost identical composition (as determined 
by ordinary chemical analysis). The sections were treated in 
the same way. Seven of the steels were shallow hardening and 
mly one, steel No 8, hardened throughout the entire section. 

J. A. Mathews,* in commenting upon a first draft of this 
chapter, pointed out that in massive sections, as for example in 
tiigh-carbon die blocks, there is a certain degree of compensation 
or the effect of mass in the quenching and tempering. While the 
effect of quenching is to produce different degrees of hardness, 
lighest at the corners, lower at the centers of the faces, and 
owest at the center of the whole block, in tempering, the corners 
will soften faster than the centers of the faces so that eventually, 


* Private communication. 



EFFECT OF MASS, GRAIN SIZE, AND AGING 239 

at around 260 to 315®C. (500 to 600°F.), practically equal 
hardness will be obtained over the faces. Less drastic hardening, 
as quenching in oil, does not give the same results as quenching 
in water followed by tempering to the same hardness that would 
be obtained by the oil quenching, owing to retained austenite. 
This can be shown by studying the changes in induction and in 
coercive force. 

D. EFFECT OF GRAIN SIZE AND OTHER VARIABLES 

Since the pioneer research by McQuaid and Ehn reported in 
1922, many workers (almost exclusively in the United States) 
have investigated the effect of grain size, especially in its relation 
to carburizing, hardenability, machinability, and impact proper- 
ties. This work has been reviewed and summarized by Epstein 
in Volume I of this monograph (pages 181 to 191, 371 to 383). 
The general conclusions which may be drawn from this large 
volume of work are: (1) coarse-grained steels harden more deeply, 
carburize more deeply, and machine more readily than fine- 
grained steels; and (2) fine-grained steels have a wider heating 
range m heat treatment, are less subject to cracking in quenching, 
and are tougher, especially at low temperatures, than coarse- 
grained steels. 

Less attention has been paid to the relation between grain 
size and mechanical properties; it was not until the grain-size 
Symposium was held by the American Society for Metals in 
1934 that enough data appeared to enable this relationship to be 
traced. 

As is well known, steels differ according to their actual grain 
size, and according to their tendency toward grain growth 
(inherent grain size).* By the former is meant the grain size 

* The tendency of a steel toward grain growth — the gram-growth behavior 
— over a range of temperatures has been almost universally termed ‘inherent 
gram size” m the literature. Although this term is somewhat misleading, 
it IS convenient; hence it will probably be difficult to supplant it by another 
expression In this connection, E S Davenport wrote (private communi- 
cation)* While a loose terminology has grown up around this subject 
whereby steels are referred to merely as being either coarse grained or fine 
grained (and everyone understands what is meant), the terms are not 
strictly correct Steels, are really coarse grained or fine grained only insofar 
as they have been above or below their particular coarsening temperatures. 
It would be more correct to speak of steels with high or low coarsening 
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which depends upon the temperature to which the steel is heated 
for heat treatment and upon the time the steel is held at that 
temperature. If other things are equal, the higher the tempera- 
ture and the longer the time, the larger will be the resulting 
grains (actual grain size). By inherent grain-growth tendency is 
meant the tendency of the austenite grains to grow at tempera- 
tures above the critical. Again if other things are equal, the 
austenite grains of inherently coarse-grained steel start to grow at 
temperatures just above the critical; the austenite grains of an 
inherently fine-grained steel, on the contrary, do not grow 
appreciably until the material is heated considerably above the 
critical range, for example to 980°C. (1800°F.). 

87. Data on the Relation between Inherent Grain-growth 
Tendency and Mechanical Properties. — In an investigation made 
primarily to determine methods of controlling the inherent grain- 
growth tendency by adding aluminum in the melting process, 
Epstein, Nead, and Washburn^®^®^ determined the tensile and 
impact properties of coarse- and fine-grained basic open-hearth 
steels. The ingots were rolled to heavy billets, and one billet 
from the middle and the bottom of an ingot of each heat was 
forged to a 1-in. round. To bring out the inherent differences in 
the tendency toward grain growth these 1-in. rounds were 
heated to 885 and 955°C (1625 and 1750°F ), held 1 hr., and air 
cooled. Tensile specimens, 0.505 X 2 in , and Charpy impact 
specimens (keyhole notch) were machined from the center of the 
air-cooled bars. Epstein, Nead, and Washburn did not give their 
complete data; the average values for the low- and medium- 
carbon heats are reproduced in Table 57. From these data they 
concluded that: 

. . . the yield strength of the finer-grained steel was appreciably 
higher than that of the coarser-grained steel, this being especially 

temperatures Viewed in this light, the term inherent grain size has little 
or no meaning; in fact, it is misleading since it implies that a steel has some 
partuvlar grain size which is characteristic of it If the word inherent 
must be used, it seems as though it should be coupled with the word tendency 
or behavior or some similar phrase to indicate the dependence of austenitic 
grain size upon temperature.*^ In accord with Davenport's suggestion, 
the tendency of a steel toward grain growth has, so far as possible, beer 
termed inherent grain-growth tendency" in this chapter No confusion 
should result therefrom for those readers accustomed to think of this tend- 
ency a» "inherent gram size." 
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noticeable after the 956®C. (1750®F.) treatment which brought out a 
decided difference in grain size between the two types of steel. After 
this treatment, in the steels ranging from 0.15 to 0.19 per cent carbon 
the yield strength was about 5000 lb. per sq. in. higher in the fine- than 
in the coarse-grained steel. After the 885°C. (1625°F.) treatment, how- 
ever, when the difference in grain size between the coarse- and fine- 
grained steels was less, there was a less difference in yield strength. In 
the as-rolled condition there was practically no difference. The tensile 
strength, however, did not differ between the coarse- and fine-grain 
steels, except in the higher carbon range, where the coarse-gram steel 
showed a somewhat higher tensile strength. The hardness in general 
conformed to the tensile strength. The elongation and reduction of 
area were slightly higher m the fine-grain steels. Although impact 
tests did not show the large differences between the coarse- and fine-grain 
steels expected, they were definitely higher m the finer-grain steels, par- 
ticularly after the 955°C. (1750°F.) treatment. 

Schane/^®^^ in the same symposium, reported a series of tests 
made on coarse-grained and on fine-grained 1040 steel containing 
0.40 per cent carbon, 0.75 per cent manganese, 0 20 per cent 
silicon, and less than 0.035 per cent sulphur and phosphorus. 
The material was treated in the form of 1-in. hot-rolled rounds 
from the center of which 0.505 X 2-in. specimens were machined. 
The treatments and the resulting properties are given in Table 58. 

No conclusions were drawn from these results by Schane except 
the statement that: 

... in the ordinary heat-treating ranges the hardenability and grain 
structure of this [fine-grained] type are uniform whereas to obtain this 
same condition in the coarser grained types it is necessary to go to 
much higher temperatures which are usually impractical (on account 
of scaling, decarburization, etc.) and produce less desirable properties. 

It is evident from Table 58 that, for the quenching treatments 
used, the tensile strength is generally lower and the elongation 
and reduction of area are somewhat higher in the fine-grained 
material. The impact resistance is much higher. In the normal- 
ized and in the annealed specimens the yield strength of the 
coarse- and fine-grained steels is about the same, in the quenched 
and tempered specimens the fine-grained steel has a somewhat 
lower yield. 

The properties of coarse-grained and of fine-grained 1040 steel 
showing the effect of quenching and tempering temperatures 
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99.000 

101.700 
103,400 

102.700 
102,100 

001 

98,200 
115 600 
116,900 

117.600 

119.600 


Cooled 

s 


Furnace 

|i4 to V) 

^ ^ s s s 

cS o8 o8 

^ ^ ^ ^ 

a 

Held. 


^ ^ ^ ^ 



1 

Temperature 

EE4 

o 

1400 

1500 

1600 

1700 

1800 

1900 

2000 

1300 

1400 

1450 

1500 

1550 

1600 



760 

815 

870 

925 

980 

1040 

1095 

705 

760 

790 

815 

845 

870 
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♦ Schane <7»4) 

t Followed by tempenng at 566®C (1050®F ). 
t In 8 in 



Table 59 . — Mechanical Properties op Coarse- and Fine-grained 0 40 Per Cent Carbon, 0 73 Per Cent Manganese 

Steel* 
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Fine grained 

ill 

a 


Reduc- 
tion 
of area, 
per cent 

50 6 

54 2 

54 7 

54 0 

65 0 

56 2 

51 0 

61 0 

53 5 

58 5 

60 5 

Elonga- 

tion 

m 2 in , 
per cent 

24 0 

24 5 

24 5 

22 0 

22 5 

22 0 

20 0 

20 6 

21 0 

22 6 

25 0 

Yield 
strength, 
lb per 
sq in 

69.900 

65.900 

76.100 
77,000 

78.900 

77.000 

98.300 

93.000 

80.100 

72.300 
72,100 

Tensile 
strength, 
lb per 
sq in 

91,300 

100.400 

107.000 

110.000 
108,000 
106,000 

128,300 

122,900 

115,100 

102.400 
98,700 

Coarse grained 



Izod 
impact, t 
ft-lb 

o ot^r-oo»o ©•- 1 ‘OOQ 

r -4 ,-1 

Reduc- 
tion 
of area, 
per cent 

00 OOOfNOO »c©oo»o 

■»it* 00tN,?OC^C^ 

Elonga- 

tion 

in 2 in , 
per cent 

20 5 

22 0 

21 0 

20 5 

19 5 

19 0 

16 0 

17 5 

20 5 

21 0 

21 0 

Yield 
strength, 
lb per 
sq in 

53.600 

61,500 

81.400 
82,000 
83,000 

86.600 

102,600 

97.800 
85 200 

80.400 

75.800 

Tensile 
strength, 
lb per 
sq in 

98.200 

100.300 

117.300 
117,100 

118.300 
120,000 

131,500 

129,600 

120,000 

107,200 

100,800 

Tempering 

temperature 

o 

1060 

1050 

1050 

1050 

1050 

800 

900 

1000 

1100 

1200 

Oo 

565 

565 

565 

565 

565 

425 

480 

540 

595 

650 

Cooled 

m 

Air 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

a :i 

1 2 
g K 
<&! 

o 

1600 

1400 

1450 

1500 

1550 

1600 

1525 

1525 

1525 

1525 

1525 

p 

870 

760 

790 

815 

845 

870 

830 

830 

830 

830 

830 


* Rolf <«•) 

t Average of five testa 
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were reported by The heats contained 0.40 per cent 

carbon, 0.72 and 0.74 per cent manganese, 0.19 and 0.21 per cent 
silicon, less than 0.040 per cent sulphur, and less than 0 025 per 
cent phosphorus. One-inch round bars were heated to the 
temperatures shown in Table 59 and held 1 hr , being cooled as 
shown. The tensile specimens were of standard dimensions 
(0 505 X 2 in.), and the impact values were obtained on standard 
V-notch specimens. The properties are given in Table 59. 

For all the treatments the tensile and yield strengths were 
slightly lower and the elongation and reduction of area values 
higher in the fine-grained specimens. Impact values of these 
specimens were very much higher 

88. Comparison of Mechanical Properties of Coarse- and Fine- 
grained Steels. — Because of the recent widespread interest in 
grain-size control in carbon and alloy steels, it will be of advan- 
tage to summarize the data given in the investigations descnbed 
m the previous section, so that, if any marked changes in proper- 
ties with grain size are shown by these reports, they will be more 
readily apparent 

This was done with the data in Tables 57, 58, and 59; the 
results are shown in Table 60. In this compilation the mechan- 
ical properties of the fine-grained steels were compared with the 
properties of the coarse-grained steels for each investigator and 
for most of the treatments (no values are given for specimens 
treated at 760°C. (1400°F.) or below) on a percentage basis. 
This has the advantage that it eliminates any effect of different 
methods of determining yield strength or impact resistance, and 
any differences in actual elongation due to a difference in gage 
length The values shown in Table 60 should, consequently, be 
directly comparable unless the heat treatment used by an 
investigator for a coarse-grained specimen varied inadvertently 
from that used for the corresponding fine-grained specimen, or 
unless there were unobserved flaws in a specimen which affected 
individual results. 

As it is not likely that these sources of error were present 
to an important extent, the percentages in Table 60 should show 
with fair accuracy the effect of gr^ size * Parenthetically 
it should be stated that variations in a property of less than 3 

* Neither Schane nor Rolf gav^ 'gram-size numbers for the specimens 
they used. An inspection of the micrc^aphs of their steels indicated, 



Table 60. — Pbbcentage Increase or Decrease in Mechanical Properties op Fine-grained Steels as Compared with 
Coarse-grained Steels of Approximately the Same Composition and Heat Treatment 
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* Followed by tempenng at 565®C (1050®F ) 
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per cent were considered to be within the experimental error; 
these have, therefore, been called zero in Table 60. 

In commenting on the data of Table 60, it should be stated 
first that the variation in trend between the values by Schane, by 
Rolf, and by Epstein, Nead, and Washburn is sufficiently 
marked so that additional data should be obtained before the 
conclusions given below can be considered definite. 

With this proviso clearly in mind, it may be stated tentatively, 
for steels containing about 0.40 per cent carbon and 0.75 per cent 
manganese and for a definite heat treatment, that: 

1 . Fine-grained steels have a slightly lower tensile strength and the same 
or slightly lower yield strength than coarse-grained steels 

2. Fine-grained steels usually have markedly higher (10 to 25 per cent) 
elongation and reduction of area than coarse-grained steels 

3 The impact resistance at normal temperature for a steel with gram 
size 5 to 7 is from two to six times the impact resistance of a corresponding 
steel with a gram size of 2 or 3 

89. Effect of Aging at Normal Temperatures on the Properties 
of Quenched High-carbon Steel. — The changes in structure and 
physical properties which take place when commercial iron- 
carbon alloys are aged at or slightly above room temperature have 
been discussed in some detail in Volume I of this monograph 
(pages 384 to 396). In that discussion Epstein divided aging 
phenomena into three classes, (1) quench aging, (2) strain aging, 
and (3) blue-heat phenomena, and gave a few data on mechanical 
properties, especially on hardness, to illustrate the changes which 
take place. All the data quoted by Epstein to illustrate the 
effects of quench aging were on low-carbon steels in which this 
form of aging is most pronounced and best known. Equally 
well known are the effects of strain aging on the mechanical 
properties, touched upon briefly by Epstein and discussed in 
more detail on page 152 in the chapter on cold-worked steels. 

It is not so generally recognized, however, that changes in 
properties also occur in quenched high-carbon steels if these are 
held for relatively long periods 5f time at or just above room 
temperature. Scott found that minute dimensional changes 
may take place with time in quenched and quenched and tem- 

however, that the coarse-grained toaterial corresponded to Nos. 2 and 3, 
and the fine-grained steel corresponded taNos 5 to 7 of the A S T M chart 
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Fio 77 — Effect of aging for 5 months at room temperature on the Rockwell 
C hardness and modulus of rupture of water-tiuenched high-carbon steel con- 
tainmg 0.98 per cent carbon and 0 43 per cent manganese {Steinberg and 
Subow 



Fig. 78. — Effect of aging for 180 min at 75®C (166°F ) on the Rockwell C 
hardness and modulus of rupture of water-quenched high-carbon steel containing 
0.98 per cent carbon and 0 43 per cent manganese {Steinberg and Subow 



Fig 79 — Effect of aging for 180 min. at 100®C (210®F ) on the Rockwell C 
hardness and modulus of rupture of water-quenched high-carbon steel contaming 
0.98 per cent carbon and 0.43 per cent manganese {Steinberg and Subow 
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pered high-carbon steels as used for tools and gages. This is a 
subject which is too specialized to be discussed here. Of more 
general importance is the change in mechanical properties with 
time ; this has received attention. 

Steinberg and Subow^^®^^ quenched a steel containing 0.98 per 
cent carbon, 0 43 per cent manganese, and 0.19 per cent silicon 
in water from 750°C (1380°F.) and determined the hardness and 
modulus of rupture* immediately and after holding for various 



Time m mm 

Fig 80 — Effect of aging for 180 min at 125®C (256°F ) on the Rockwell C 
hardness and modulus of rupture of water-quenched high-carbon steel contammg 
0 98 per cent carbon and 0 43 per cent manganese {Steinberg and Subow 


lengths of time at room temperature, 75, 100, and 125°C. (165, 
210, and 255°F ). The results are shown in Figs. 77 to 80. 
After holding the quenched specimens at room temperature for 
5 months, the Rockwell C hardness had increased from 65 to 67 
and the modulus of rupture from 210,000 to 230,000 lb. per sq in. 
As the aging temperature was increased, the rate of hardening 
increased; for temperatures of 100 and 125®C. (210 and 255‘^F.) 
it increased to a maximum and then decreased. The modulus 
of rupture remained practically constant with time for an aging 
temperature of 75°C. (165®F.) but increased rapidly with time 
for aging temperatures of 100 and 125°C. 

* Modulus of rupture (Biegefestigkeit) was determined, after Charpy 
impact values were found to unreliable, by bending a 7 X 60-<ntia. 
(0.28 X 2 36-in ) round bar in a Bnnell machine. 
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E. AUTHOR’S SUMMARY 

1. When steel sections of large mass are quenched, the 
cooling rate decreases as the distance from the surface increases; 
as a consequence of this, the strength and hardness of the steel 
decrease progressively from the surface to the center, but usually 
not linearly As engineers and designers who use large sections 
of wrought steel are interested primarily in the average, or pos- 
sibly the minimum, properties of the piece, and as it is usually 
impracticable to test whole large sections in the laboratory, a 
specific knowledge of the effect of mass on the properties of steels 
of various carbon contents, heat treated in various ways, is of 
great importance 

2. The tensile and yield strengths of low-carbon steels con- 
taining 0 12 to 0 20 per cent carbon decrease as their size increases 
from 0 5 to 2 in. ; the decrease in tensile strength with increasing 
section is greater with the higher carbon material. The elonga- 
tion and reduction of area apparently increase slightly with 
increasing section. In the data quoted for these low-carbon 
steels there was a peak in the Izod impact resistance with sections 
of 1 to 1.5 in. 

3. In 0.40 to 0 50 per cent carbon (1045) steel, quenched and 
tempered at 540 and 650°C. (1000 and 1200°F ), the tensile and 
yield strengths decrease markedly and the reduction of area 
decreases slightly with increasing section size. The elongation 
increases. The effect of mavss is less pronounced when the 
material is oil quenched and tempered than when it is water 
quenched and tempered; and for the same quenching treatment 
the effect of mass is less pronounced when the steel is tempered 
at 650'^C. (1200°F.) than when it is tempered at 540°C. (lOOO^F.). 

4. There is such a wide variation in the data on 1045 steel 
as given by property-mass charts published in American hand- 
books and the data on a steel containing 0.45 per cent carbon 
and 0.78 per cent manganese published by the (British) Steel 
Research Committee that the errors in one or the other should be 
corrected by further work. 

5. In forgings, 25 to 57 in. in diameter, containing 0.17 and 
0.30 per cent carbon, the tensile- and yield-strength values, in 
general, decrease from surface to core. In the annealed forgings 
the decrease varies from 10 to 20 per cent; in air- or oil-quenched 
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and tempered forgings of the same size and composition the 
decrease is less. There is no definite trend in elongation, reduc- 
tion of area, or impact resistance. 

6. In forgings, 25 to 75 in. in diameter, containing 0 17 and 
0.30 per cent carbon, transverse properties are inferior to longi- 
tudinal properties, but, except in the case of impact resistance, 
the inferiority is not marked Oil or air quenching followed by 
tempering at about 625®C. (1160°F ) improves the impact 
resistance of both longitudinal and transverse specimens thrpugh- 
out the section, even in forgings 57 in. in diameter Forging 
with a reduction of 80 per cent has no appreciable effect on the 
properties throughout the section as compared with a reduction 
of 50 per cent. 

7. The effect of mass on the torsional strength of water- 
quenched and tempered medium-carbon steel is about the same 
as on the tensile strength : (a) increasing the cross-section reduces 
the torsional strength, and (6) increasing the tempering tempera- 
ture makes the mass effect less pronounced. 

8. According to data presented, increasing the size of the 
section in a water-quenched and tempered 0.45 per cent carbon 
steel reduces the yield ratio. The investigators who published 
these data have suggested that the yield ratio may thus afford 
an excellent measure of the deep-hardening properties of a steel. 

9 Average properties for large locomotive forgings of 0 45 
to 0.50 per cent carbon steel, normalized and annealed, indicate 
that sections over 10 in. in the smallest dimension have about 
the same tensile and yield strengths but about 5 per cent lower 
elongation and reduction of area than sections less than 9 in. in 
cross-section Spheroidizing large forgings lowers tensile and 
yield strengths and increases elongation and reduction of area. 

10. The tensile properties of heat-treated high-carbon steels 
are of minor interest as compared with the properties by which 
one may judge the fitness of the steel for tools, dies, and the like; 
hence there are practically no data available on the effect of mass 
on the tensUe properties of these i^teels. Moreover, the response 
of high-carbon steels to heat treatment differs widely, even if the 
steels are of the same composition (as determined by the usual 
routine chemical analysis). The chief factors responsible for 
this variable hardfenability are apparently oxides and grain siflse. 
Data (Fig. 76) on the hardness across the section of eight 1-in. 
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bars of 1 per cent carbon tool steel illustrate this difference in 
hardenability. Only one of the eight steels hardened completely 
throughout the section 

11. Steels of the same chemical composition (as usually deter- 
mined) exhibit different tendencies toward grain growth above 
the critical range If one steel has a tendency to grow large 
grains at a certain temperature and another steel, of the same 
composition, has not, the two steels, after heating to this tem- 
perature and cooling, will have different grain sizes and different 
properties. Data are presented which indicate that: (a) the 
fine-grained steels have a slightly lower tensile strength and the 
same or slightly lower yield strength and 10 to 25 per cent higher 
elongation and reduction of area than the coarse-grained steels, 
and (h) the impact resistance at normal temperature of a steel 
with a grain size of 5 to 7 is two to six times the impact resistance 
of a corresponding steel with a gram size of 2 or 3 

12. Quenched high-carbon steels show a gradual increase in 
hardness and modulus of rupture upon aging at room temperature 
for periods up to 5 months These changes are accelerated if 
the material is aged at temperatures of 100 to 126°C. (210 to 
255°F ). There are not enough data on the magnitude of the 
changes in aging high-carbon steels at low temperature to be 
evaluated with certainty 



CHAPTER VIII 


MANUFACTURE AND SPECIAL PROPERTIES OF 
GRAY AND WHITE CAST IRON 

Cornposthon and Constitution of Cast Iron — Production of Iron 

Castings — Special Properties of Gray Cast Iron — Author's Summary 

The commercial iron-carbon alloys known by the generic term 
cast iron, including gray iron, white iron, and malleablized cast 
iron, are impure alloys of iron, carbon, and silicon. Notwith- 
standing the fact that cast irons are at least ternary alloys, they 
may be considered in this monograph — as they are considered by 
many in industry — as binary iron-carbon alloys with a variable 
small amount of silicon tacitly assumed to be present. This 
clasvsification is justified by the universal custom of defining alloy 
cast irons as those containing nickel, chromium, vanadium, 
copper, molybdenum, or some other element intentionally added 
to produce an iron with special properties Ordinarily a cast 
iron containing silicon is looked upon as an alloy iron only when 
enough has been added (about 15 per cent) to make the material 
corrosion resistant.* Although the base-line for a study of 
constitution of alloy cast irons should be the iron-carbon-silicon 
system, in a review and correlation of the properties it would be 
justifiable to compare the properties of alloy cast irons as given 
in other monographs of this series with the properties of silicon- 
containing iron-carbon alloys as given in this and the next two 
chapters 

The literature on cast iron is voluminous. Mellor^®^^^ cited 
seven or eight hundred references to articles and books on cast 
iron. In preparing this discussion, a comprehensive survey of 
the literature on cast iron was not attempted,! and many of the 

* High-silicon corrosion-resistant iron can be called a cast iron only 
because it is usually melted m a cupola or air furnace and cast in molds. 
The carbon content is much lower than is usual in cast iron. ^ 

. t The discussion of the properties of plain cast iron as given in this and 
the next two chapters should be complete enough to serve as a satisfactory 

253 
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references cited may be less important than others not cited. 
For more detailed treatments of cast iron reference should be 
made to books by Hatfield^^Bs) Piwowarsky^^®®^ dealing 
chiefly with gray iron, those by Moldenke^^®®^ and Hurst^®®®^ which 
deal especially with melting practice, and those by Schwartz^®^^ 
and Schiiz and Stotz^^^®^ on malleable cast iron. From the 
historical point of view Keep’s^®^ book deserves mention. 

A Symposium on Malleable Iron Castings, published in 
1931, and a Symposium on Cast Iron,^®®^) published in 1933, 
give excellent treatments of the respective subjects and were 
freely used in preparing the discussion given below. 

A. COMPOSITION AND CONSTITUTION OF CAST IRON 

A satisfactory definition of cast iron has not yet been formu- 
lated. This has been discussed in Chapter I where the various 
definitions proposed for the commercial iron-carbon alloys are 
given. As stated there, the dividing line between carbon steel 
and cast iron was arbitrarily placed, for the purpose of this 
monograph, at approximately 1.7 per cent carbon (point E of 
the iron-cenientite diagram). The properties of alloys contain- 
ing less carbon than this are included in the chapters on carbon 
steels; the properties of alloys with higher carbon are included in 
this and the next two chapters. Malleable cast iron may be 
considered as a species of cast iron. The malleability is not 
present in the as-cast, white iron but is produced by heat treat- 
ment. The term “malleablized iron^' would be more exact than 
the one usually bestowed on this material. 

90. Composition of Cast Iron. — Unalloyed cast iron usually 
contains from 2 to 4 per cent carbon, from 0.25 to 3 per cent 
silicon, and varying percentages (usually small) of manganese, 
sulphur, and phosphorus.* White cast iron and malleablized 

** base-line with which the properties of any alloy cast iron may be com- 
pared A complete summary of the constitution and properties of plain 
and alloy cast irons, including a more comprehensive correlation of data 
than IS made m the present monograph, will be attempted in a forthcoming 
monograph entitled *^Cast Iron ” 

* Unalloyed cast iron may also contain small amounts of other impurities, 
picked up from the scrap. For example, Subcommittee XV of Committee 
A-3, A S.T M , on Impact Testing<**®> reported one specimen of iron which 
contained 0 12 per cent tin, apparently the result of melting a charge in the 
electric furnace which contained tinned, or insufficiently detmned, scrap. 
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iron contain about 1 per cent or less silicon, and soft gray iron, 
cast in small sections, may contain as much as 3 per cent silicon. 

In foundry practice, the hardness of the material produced is 
controlled by regulating the silicon and carbon contents. As 
either the silicon or carbon is increased, the amount of combined 
carbon decreases, so that low-silicon, low-carbon irons tend to be 

white^^ — i.e.j they have a white fracture because the carbon is in 
the form of cementite rather than graphite; high-silicon, high- 
carbon irons, on the contrary, tend to be gray — t.e , they have a 
gray fracture because the carbon is principally in the form of 
graphite. The influence of carbon and silicon on the character 
of the iron produced is discussed later. 

The structure and properties of cast iron depend upon the 
melting and casting conditions as well as upon composition. An 
iron which is gray when cast in heavy sections may be mottled 
(a mixture of gray and white) or white when cast into smaller 
sections which cool more rapidly. Where one surface of a casting 
must be hard while the body of the casting must be soft, a block 
of metal, known as a ^^chill,^’ is placed in the mold, so that it 
forms the wall for the face that is to be hard This chill causes 
the metal adjacent to it to cool rapidly; this prevents, to a degree 
at least, the formation of graphite and results in a white fracture 
and a hard iron, while the other portions of the casting cool more 
slowly, which promotes the formation of graphite and results 
in a soft iron with a gray fracture. In such materials as rolls, 
the composition of the iron is adjusted and the cooling controlled 
so that the surface of the casting will be white, hard iron, while 
the interior is soft and gray, thus combining a wear-resistant 
surface with a fairly ductile core. The composition of white 
iron which is to be malleablized is regulated so that no graphite 
will form on casting, yet so that practically all of the cementite 
will be converted into graphite by an annealing treatment. 

Because the structure and properties of an iron depend not 
only on the composition but on the size of section and on the 
melting and casting technique, it is impossible to prepare a table 
of analyses which will result in certain definite properties. 
Analyses of irons suitable for certain applications can, however, 
be chosen. Table 61 is a list of such analyses prepared by a 
committee of the Americim Foundrymen^s Association.^®®*^ 
An earlier table was given by Moldenke.^®^^ 
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91. Constitution of Cast Iron.* — The three major constit- 
uents of cast iron are alpha iron (ferrite), iron carbide (cemen- 

Table 61 — Recommended Analyses op Plain Cast Irons for Common 

Applications* 



* American Foundry men ’a Association 
t 26 per cent scrap car wheels, 2 per cent spiegeleisen 


tite or ^‘combined carbon^^), and graphite. With the exception 
of austenitic cast irons, which are highly alloyed and, therefore, 
not considered here, all cast irons contain alpha iron. This 


* The constitution of cast iron, based on the iron-cementite and the 
iron-graphite diagrams, is discussed m detail in Volume I, Chapters II to V, 
of this monograph The constitution of cast iron, based on the iron-carbon- 
silicon system, is discussed ip Chapters VII and VIII of “The Alloys of 
Iron and Silicon 
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constituent is not pure but is an iron-rich solution containing 
practically all of the silicon and at least a portion of the other 
elements found in small amounts in the iron. The appearance 
of the fracture and the hardness of the iron depend upon the 
relative amounts of the three major constituents; thus, in 
soft gray irons a large part of the total carbon is in the form of 
graphite with the remainder, sometimes less than 0.30 per cent, 
in the form of iron carbide. Mottled irons contain less graphite 
and more cementite — frequently about equal parts of graphite 
and combined carbon — and white irons contain practically all 
the carbon as cementite with little or no graphite present. 
Malleable iron made by the usual American practice contains 
practically no iron carbide; this constituent has decomposed on 
annealing into iron and nodular graphite (temper carbon).* 
The properties of cast iron depend primarily on the relative 
amounts of iron carbide and. graphite and on the distribution 
of these two constituents in the matrix. Cast iron may also 
contain non-metallic inclusions, chiefly manganese sulphide 
Because of the high carbon and silicon contents m cast iron the 
solubility of phosphorus in the matrix is limited; m^i^ irons 
contain enough phosphorus to form iron phosphide as a separate 
phase. The phosphide appears as part of a eutectic which 
consists of iron phosphide, ferrite, and, in some cases, cementite. 
This eutectic is known as steadit e; 1 per cent of phosphorus by 
weight will produce approximately 10 per cent of steadite by 
volume Steadite being hard and brittle tends to increase 
the hardness and brittleness of iron. 

In addition to the three major constituents of cast iron noted 
before, it is customary also to consider pearlite, the aggregate 
of ferrite and cementite, as a separate constituent. If this is 
done, the important constituents of commercial cast iron are free 
ferrite^ pearlite, free cementite, graphite, and possibly steadite. 
In some grades of cast iron, and especially certain irons which 
are cast in thin sections and, consequently, cooled rapidly, the 
aggregate of ferrite and cementit^, which in slowly cooled sections 

* Malleable iron made by the short-cycle^^ anneal is likely to contain 
some undecomposed iron carbide in a pearlitic matrix The essential 
difference between this variety of malleable and the pearlitic high-streingth 
cast irons (see page 300) is that ift' the former the free carbon is present as 
temper carbon and in the latter as flaky graphite 



Table 62 — Structural Composition op Some Typical Irons’ 


258 


THE ALLOYS OF IRON AND CARBON 




Calcu- 

lated 

specific 

gravity 

CO 00 O CO 

CO w ci o o 

i> t>. b. 

Structural composition, per cent by volume 

1 § 

& a 

CO 

CO 

Graph- 

ite 

O 00 i-H 0 

00 CO 00 lo ob 

CO 00 b- Oi 

• 

Q 

1 

Q 

Q X ^ N rH CO 

O 1-t 05 5 (N 

CO O M O lO 

rH 

Man- 

ganese 

sul- 

phide 

<4— 

»o 05 o X lO 

X CO »0 CO 

o o o o o o o 

Pearl- 

ite 

05 05 lO X 1-H 

UO X X CO T-H 

C<l N. »0 O 05 N 

X l> CO 
< 

I 

1 

Sihco- 

ferrite 

1 

CO lO X X X O 

X CO 05 05 fH (N X 

CO lO (N 05 W X 

fH (M t-h X 

Chemical composition, per cent 

Fe 

xxxi^^xr- 
05 In. 05 05 O 

X X M lO 

05 Oi 05 05 05 05 05 

CQ 

O fH o lO X 

O fH »— 1 tH tH fH rH 

O O O O O O O 

pH 

0 M O Q IC O (M 

01 X F-I X o o 

O O O O fh o o 

Mn 

kO Q Q Q »0 01 CO 

1^ X O 05 lO kO X 

0 0^0000 


28Sg?Sg 

fH rH 1 -H fH 01 O O 

Com- 

bmed 

carbon 

S 2 S S 2 S i 

O O O © O X ^ 

Graph- 

ite 

2 S CO S o S 

01 01 01 01 X tH 

Fracture 

Gray 

Gray 

Gray 

Gray 

Gray 

White 

Mottled 

Type, 

uumber 

fH 01 X kO © N, 



♦ -h- 



MANUFACTURE AND SPECIAL PROPERTIES OF CAST IRON 269 


would assume the characteristic lamellae of pearlite, may assume 
a form which can more properly be termed fine pearlite or even 
troostite. * 

The silicon of cast iron exists almost entirely in solid solution 
in the feriite. The remainder exists in solution in thejron 
carbide; this ignores, of course, silicon which may be present in 
entrapped sand or other silica. The distribution of silicon in 
iron-carbon-silicon alloys is discussed at length in ^‘The Alloys of 
Iron and Silicon.’^^®^®^ 

Table 62, from a symposium, gives the analyses of several 
cast irons and the volume percentages of the structural con- 
stituents. Table 63, from the same source, gives the properties 
of the constituents shown in Table 62. 

The hardness of unalloyed cast irons increases as the cementite 
increases, but the strength does not necessarily increase with the 
hardness. The hardneSs of gray iron depends primarily on 
the amounts of the constituents, while its strength and ductility 
depend upon the distribution of the constituents, particularly 
upon the size and distribution of the graphite. Gray cast iron 
may be considered as high-silicon steel in which graphite flakes 
are embedded; the carbon content of the ^^steeP^ is represented 
by the amount of combined carbon in the iron. Malleable iron 
is effectively a steel of very low carbon content containing nodules 
or nests of graphite. As compared with gray iron, malleable 
iron is very ductile; it owes its ductility to the fact that the 
graphite is in the form of nodules rather than in the form of 
plates Graphite which forms at a high temperature, either by 
decomposition of cementite soon after the metal freezes or 
possibly by precipitating from the melt, exists in the form of 
flakes or plates, while graphite formed at lower temperatures, 
say 900°C. (1650®F.), tends to form fine nodules, in malleable 
iron all of the graphite is formed on annealing. Micrographs of 
white and gray cast irons are shown in Volume I, Chapter V, 
and of malleable iron in Volume I, Chapter VIII. 

B. PRODUCTION OF IRON CASTINGS 

The base-material used for iron castings may be melted in any 
one of several radically different types of furnaces and poured 

* In chilled alloy irons it is eveif possible for martensite to be present in 
the microstructure. 
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into any one of several kinds of molds. The properties of the 
casting depend upon the conditions existing in the melting furnace 
and upon the kind of mold into which the metal is cast, as well 
as upon the composition of the materials charged into the furnace 
Table 63 . — Properties op Constituents Given in Table 62 ’*' 





Approximate 



Constituent 

Specific 

gravity 

Tensile 
strength, 
lb per 
sq. in 

Elongation 
in 2 in , 
per cent 

Bnnell 
hard- 1 
ness 

Remarks 

Ferrite 

7 86 

60,000 

40 

95 

Iron 

Iron sihcidef (FeSi) 

6 17 

Low 

None 


1 per cent silicon forms 

Pearlite 

7 846 

120, 000 t 

15 

240 

3 per cent silicide 

A laminated structure 

Cemeniite (FeaC) 

7 66 

6,000 

None 

560 or j 

containing 6 5 parts 
soft iron or ferrite to 
1 part cementite. 

A compound of iron and 

Stoadite 

7 32 

Small 

Brittle 

more 

Very 

carbon containing 6 67 
per cent carbon 
Phosphide of iron (FeaP) 

Manganese sulphide 

4 00 

None 

Brittle 

hard 

and saturated solution 
of FesP in iron This 
constituent is 10 times 
(by volume) the 
amount of phosphorus 
(by weight) 

1 73 parts manganese to 

Iron sulphide 

5 02 

Low 

Brittle 


1 part sulphur 

1 76 parts iron to 1 part 

Graphite 

2 66 

None 

Non-coherent 


sulphur 


* Symposium on Cast Iron 

t Exists largely m solid solution in the ferrite-nch portion In normal irons it is not 
discernible as a separate component 

t According to Belaiew/**^) the tensile strength of pearlite may be as high as 160,000 lb 
per sq in. 

and the composition of the metal poured into the mold. The 
several common methods of producing iron castings are described 
on the next pages, but the influence of methods of production on 
the properties of the castings is treated later. 

92. Melting Stock. — Most foundries make their iron castings 
from cold pig iron and scrap cast iron* (see Table 61, page 256). 

* A few manufacturers, especially of large castings, use molten iron from 
the blast furnace. 
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Scrap steel may or may not be used in the charge, and with/ 
special production methods, which are not described here, cast 
iron may be made from a charge consisting wholly of steel scrap 
with suitable ferroalloy additions, and with, of course, the 
addition of carbon from the coke used in the cupola, or from a 
separate addition in the case of other furnaces. In earlier days 
the misnomer ^^semisteeP^ was applied to iron made from a 
charge containing steel scrap, used to reduce the carbon content. 
These lower carbon irons of higher strength are now classified 
among the high-test’^ or high-strength^' irons with no reference 
to the method by which a composition suitable for the attain- 
ment of high strength is obtained. In a study of impact proper- 
ties of cast iron by a Committee^ of the American Society for 
Testing Materials, specimens were tested from heats in which 
varying amounts of steel scrap had been used, ranging from those 
containing no steel to those which contained as much as 85 per 
cent. 

The iron scrap used may consist entirely of that produced in 
the foundry (gates, risers, defective castings, and the like), or 
it may contain a relatively large amount of purchased scrap. 
The composition of the charge must be regulated in accordance 
with the melting technique, as well as in accordance with the 
desired composition of the iron, for the analysis of the mate- 
rial usually changes during melting As an example of this, 
Schwartz found that in melting malleable iron in an air furnace 
the loss of certain elements as based on quantities present in the 
charge amounts to the following: 


Element 

Carbon 

Silicon 

Manganese 

Phosphorus 

Sulphur 

Iron 


Loss, Per Cent 
15 8 
31 4 
48 1 
0 

—22 2 (gam) 
1 2 


Lorig, in a private communication, stated that the loss in 
silicon as found by Schwartz does not always occur; on the 
contrary, once the bath is hot, silicon frequently increases. 
Lorig supplied several illustrations in which the average pick-dp 
in silicon, from the beginning of the heat to the end, was 0.02 to 
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0.11 per cent — for instance, from 0.90 to 0.92 per cent, and from 
0.84 to 0.95 per cent silicon. 

Pig iron is classified in three ways: (1) according to the method 
of manufacture, thus: coke pig, charcoal pig, and anthracite pig; 
(2) according to the use to which it is to be put, thus : Bessemer 
pig for steel making by the acid Bessemer process, basic pig for 
steel making by the basic open-hearth process, malleable pig for 
castings to be malleablized, foundry pig for ordinary iron castings, 
and forge pig, an inferior grade used in puddling and sometimes 
for foundry work; and (3) by chemical composition. 

A number of years ago, when pig iron was sand cast, foundry 
iron was graded by breaking the pig and examining the fracture. 
From the size of the grains and the color of the fracture the 
amount of silicon in a slowly cooled pig could be estimated with 
fair accuracy. According to the fracture, iron was graded into 


Table 64 — Classification of Principal Grades of Pig Iron* 


Grade of iron 

Silicon, 
per cent 

Sulphur, 
per cent 

Phosphorus, 
per cent 

No 1 soft (Southern) or No 1 
foundry (Northern) 

2 75 to 3 25 

Under 0 05 

t 

No 1 foundry (Southern) or 
No. 2X (Northern) 

2 25 to 2 75 

Under 0 05 

t 

No. 2 foundry (Southern and 
Northern) 

1 75 to 2 25 

Under 0 05 

t 

No 3 foundry (Southern and 
Northern) 

1 25 to 1 75 

Under 0 05 

t 

Gray forge 

Under 1 75 

Under 0 075 

t 

Malleable 

0 75 to 2 00 

Under 0 050 

Under 0 2 

Bessemer 

1 00 to 2 00 

Under 0 050 

Under 0 1 

Low phosphorus 

1 00 to 2 50 

Under 0 040 

Under 0 04 

Basic 

Under 1 25 

Under 0 050 

t 

Basic Bessemer (Europe) 

Under 1 00 

Under 0 050 

2 0to3 0 


♦ Tiemann <“•> 

t Phosphorus limits vary in different parts of the country, usually from 0 4 to 1.1 per 
cent Manganese varies, usually it is less than 1 0 per cent, excepting basic Bessemer 
which may contain up to 2 0 per cent 


No. 1 foundry or No. 1 soft, No. 1 foundry or No. 2X, No. 2 
and No. 3 foundry, and gray forge. Compositions of these are 
given in Table 64. These classifications have varied in different 
parts of this country and abroad, causing at times considerable 
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confusion. The adoption of machine casting in many plants, 
with its rapid chilling which changed the appearance of the 
fracture, forced the use of chemical analysis for grading foundry 
and other irons, but the old classifications are still widely used. 
The grading and the chemical composition of the various grades 
of foundry, steel-making, and other irons are discussed by Boyls- 
ton,< 26 i) Camp and Francis,^^^^ and in detail by Tiemamn^^^ 
The composition limits of the chief grades, according to Tiemann^ 
are as shown in Table 64. The total carbon content of *all these 
irons is about 3.50 to 4.25 per cent 

Of the 31 million tons of pig iron produced in 1930 by the blast 
furnaces of this country, 59.4 per cent was used for the manu- 
facture of basic open-hearth steel, 23.5 per cent for the manufac- 
ture of acid Bessemer steel, 11.6 per cent in the foundry, and 5.1 
per cent for malleable castings. The rest, less than 0.5 per cent, 
was forge iron, and mottled and white irons. 

93. Melting Practice. — The oldest form of melting furnace, 
the cupola, still produces the major part of the molten iron which 
18 poured into castings As is well known, the cupola is a shaft 
furnace into which the metallic materials, coke, and flux are 
charged at the top, and air is blown through tuyeres near the 
bottom. The combustion of the coke supplies the heat necessary 
to melt the iron, which collects on the hearth at the bottom 
from which it is drained continuously or at frequent intervals. 
During melting, part of the manganese and silicon in the charge 
is lost by oxidation, and sulphur is picked up from the fuel. 
The change in carbon content varies with the composition of the 
iron charged and with operating conditions of the cupola such as 
the nature of the coke, condition of the slag, and other variables, 
most of which are under the control of the operator. Carbon 
control in the cupola has been discussed recently by Lange- 
beck.^^®®^ After the material is charged the only control of the 
composition of the iron is by means of the blast. Experienced 
operators, however, produce iron of very uniform composition. 
The many factors which influence the composition and character 
of cupola-melted iron have been recently studied by Neustat- 
ter;(64*) it has not been considered necessary to review these here. 
Judson^^®®^ has described the melting of irons of two compositions 
in two cupolas and their mixing in the ladle to produce the desired 
composition. This is stated to give properties not attainable 
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by the use of one cupola operated to produce a melt of the same 
composition as the mixture. 

The air or reverberatory furnace may be used for producing 
high-grade cast iron. In this furnace the iron is melted on a 
hearth, and the composition of the iron can be controlled by 
means of additibhs to the bath while the charge is melting or 
after it is molten. Still a third type of furnace in which combu.s- 
tion is used as a source of heat is the rotary furnace equipped for 
heating with pulverized coal. This fiTrnaceTiasTieen used exten- 
sively in Germany and other European countries but is just 
coming into use in this country Electric furnaces are used for 
producing some classes of high-grade cast iron. They may be 
used for superheating or for slightly refining metal melted 
by a cheaper process. This latter combination method is 
called “duplexing.” In malleable practice, as described by 
Schwartz,^** molten iron and molten steel from the Bessemer 
converter may be mixed to give the desired composition, which is 
followed by refining and superheating in an electnc furnace; this 
is “triplexing.” 

' 94. Casting Gray Iron. — The practice used in gray-iron 
foundries for the preparation of loam, green-sand, and dry-sand 
molds into which the molten, iron is poured has been described 
in so many elementary textbooks and is so well known that 
further reference to this practice m this monograph is unneces- 
sary. In addition to pouring molten irpn into sand molds, gray- 
iron castings are also produced in stationary permanent metal 
molds, and some pipe and other tubular products are now cast 
into revolving molds; these are the familiar centnfugal castings 
In general it is not customary to use hot molds for gray-iron 
castings; in a recent development, however, high-strength 
pearlitic iron is produced by pouring low-silicon, low-carbon iron 
into a preheated mold. 

The change of volume of iron-carbon alloys on melting is 
discussed in the Symposium on Cast Iron.(‘*=*> Sauerwald<”« 
found that a white cast iron (4.16 per cent carbon, 2.2 per cent 
manganese) increased 1.4 per cent in volume on melting while 
gray iron (3.32 per cent carbon, 2.76 per cent silicon, 0.49 per 
cent phosphorus) decreased 0.6 per cent. The abnormal decrease 
in the gray iron was ascribed to the volume contraction resulting 
from the formation of cementite. Bardenheuer and EbbefeJd”^^ 
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attributed the expansion of gray iron during solidification to gas 
in the metal. Bardenheuer and Bottenberg^^®^^ continued the 
investigation with particular attention to the factors which 
control the amount of gas and noted that the gas evolution 
depended upon the melting conditions as well as the composition. 
They also ascribed part of the expansion of gray iron on solidifica- 
tion to the formation of graphite. 

In general, it would appear that iron-carbon alloys expand 
on melting and contract on solidification. During solidification 
the evolution of gas and the formation of graphite may lead to 
an increase in volume. 

96. Fluidity and Shrinkage. — One of the most important 
characteristics of cast iron is its fluidity, i e , its ability to fill a 
mold and to reproduce accurately the design of the pattern. 
The ability of filling minute impressions in a mold must be 
dependent, to some extent at least, on the viscosity and surface 
tension of the liquid iron Data on viscosity are not very 
reliable, on surface tension, as noted by Piwowarsky^®^®^ and 
Krynitsky,^®^^^^ trustworthy values are lacking Thielmann and 
Wimmer^24i) Egger, Greis, and Bungardt^®®®^ among others 
determined viscosity. The former used very low silicon pig 
iron which solidified as white iron; th^ latter used irons which 
were gray after solidification. Comparison of their results^®®®^ 
indicated that gray iron had a higher viscosity than iron which 
solidified white. Although the two groups of irons were tested 
at the same laboratory, the experiments were not made at the 
same time or by exactly the same procedure; hence, the con- 
clusion that gray iron has in general a higher viscosity than white 
iron should be verified by further work Piwowarsky,^^^®^ in 
reviewing the work of Thielmann and Wimmer, concluded that 
viscosity* did not afford a direct measure of fluidity f and that 
surface tension was probably more important than viscosity. 
As noted above, Piwowarsky commented on the lack of reliable 
data for the surface tension of cast irons. 

* It should be noted that the terms viscosity and fluidity of the foundry- 
man are not reciprocal, as m physics 

t In commenting upon this portion of the manuscript, J. T, MacKenzie 
wrote: . the property known by the technical term ‘viscosity’ is in 

Itself of small concern in cast iron The actual viscosity of the material 
has very little to do with its fluidity (running ability) in the foundry aside 
from that due to temperature only ” 
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A direct method for determining the fluidity of cast iron and 
one which gives evidence of becoming standardized consists in 
pouring molten iron into a spiral which is so long and thin that 
the molten metal does not fill the mold completely. The length 
of the spiral produced is taken as a measure of the fluidity of 
the molten iron. A spiral and a method of gating found to be 
satisfactory by Saeger and Krynitsky^^®^ are shown in Figs. 

Pouring temperature, deg F 

2300 2350 2400 2450 2500 2550 2600 



'1250 1300 1350 1400 1450 

Pouring temperoiture , deg C, 


Fig 83 — Fluidity of cast iron containing 3 44 per cent carbon, 2 38 per cent 
silicon, and 0 47 per cent phosphorus, cast in green- and dry-sand molds {Saeger 
and Krymtaky 

81 and 82. The pouring basin is arranged with an overflow so 
that there is a constant head of molten metal during casting. 
Either a dry-sand or green-sand mold may be used, and the end 
of the spiral should be vented. It was found that consistent 
and reproducible results could be obtained with aluminum and 
cast iron. The lengths of spiral obtained from a cast iron cast 
at different temperatures in both types of mold are shown in 
Fig. 83. The iron contained 3.44 per cent carbon, 2.38 per cent 
silicon, and 0.47 per cent phosphorus. In discussion of the 
paper just mentioned, Spencer gave some data on fluidity, as 
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indicated by casting spirals, which showed that it was a linear 
function of the sum of the carbon content plus 0.3 times the 
silicon content in the range 3.2 to 4 0 per cent carbon plus 0.3 
times the silicon. The fluidity continues to increase, but not as 
a linear function of this sum, until the eutectic value of 4 2 or 
4.3 per cent for the sum of carbon plus 0.3 times the silicon is 
reached, after which the fluidity decreases. Spencer^s values 
were corrected to give fluidity values for a fixed temperature 
above the liquidus. 

The fluidity of three cast irons, as dependent upon composition 
and maximum temperature to which the irons were heated 
before pouring, was reported by Saeger and Ash The com- 
positions of the irons were as follows: 



Composition, per (jent 

Iron 

Total 

carbon 

Graphite 

Combined 

caibon 

Si 

Mn 

s 

P 

A 

3 55 

3 15 , 

0 40 

2 73 

0 24 

0 021 

0 82 

B 

Mixture of 80 per cent of A and 20 per cent open-hearth ingot iron 

C 

3 79 

3 13 

0 66 

1 32 

0 73 

0 06 

0 12 


The spiral shown in Fig 82 was used Results are given in 
Fig. 84. These data show that iron A had the highest fluidity 
Peculiarly, although the phosphorus and silicon of iron B were 
much higher than in iron C, the fluidity of the latter was much 
better. Regarding the effect of heating to high temperatures 
before pouring Saeger and Ash stated: 

The running qualities of these irons are dependent upon the liquidus 
temperature, and apparently are not influenced by heating temperatures 
above the pouring temperature. For a given pouring temperature, the 
irons having the lower liquidus temperatures have superior running 
qualities. 

In a recent paper, P^rin^®^^^ reported the results of a number of 
tests on the fluidity of cast iron as determined by pouring spirals. 
The effects of different amounts of carbon, phosphorus, and 
silicon on the fluidity of iron were determined. In binary 
iron-carbon alloys, maximum fluidity was found in alloys of a 
eutectic composition (4.3 per cent carbon). 
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For white iron for malleablizing, Toiiceda^®^®^ found another 
type of fluidity tester more suitable than the spiral tester. The 
test is used primarily for control work, to make sure that the 
metal itself is not responsible for mis-runs. Toiiceda poured 
round and square fluidity bars, 3^ X M X 12 in. and 3^ X M 
X 12 in., horizontally from a pouring basin and sprue. The 


Pouring temperature, deg F 

2400 2600 2600 2700 2800 



Pouring temperature, deg.C 

Fig. 84. — Effect of maximum heating temperature on the fluidity of cast iron. 
See table on page 268 for composition (Saeger and 

patterns for the square bars were set on an edge in the mold so 
that the bar was diamond shaped as poured. With a pouring 
temperature of 1565°C. (2850®F.), iron which will run satis- 
factorily in the usual malleable casting will completely fill th^ 
3^^-in. molds and more than 8 in. of the 3^-in. molds. 

Volume changes occurring on casting have been studied by 
many investigators, including Saeger and 
Wust and Schitzkowski,^^®^ " Bardenheuer and Ebbefeld,^^®®^ 
and Bardenheuer and Bottenberg.^^®^^ In addition to their 
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experimental work, most of these workers reviewed the literature 
on the subject. Saeger and Ash considered volume changes 
in the metal prior to solidification, volume changes during 
solidification, volume changes during cooling from the solidifica- 
tion temperature, and the effect of heating to temperatures 
above the pouring temperature. They determined the specific 
volume of liquid irons at different temperatures by sampling with 
a container of known capacity and determining the weight of 
the sample. They estimated the volume change in the cooling 

Temperature , deg F 


200 600 1000 1400 1800 2200 2600 3000 



Fig. 86 — Specific- volume versus temperature curves for three cast irons {Saeger 

and 

solid from the change in length of a rod as it cooled from the 
solidification temperature to ordinary temperature. From the 
density of the iron at ordinary temperature and the change in 
volume on cooling from the solidification temperature the specific 
volume immediately after solidification was calculated. Data 
were then available for calculating the specific volume at any 
temperature and for determining the volume change through 
any temperature range. Curves for three cast irons showing 
the volume change occurring on cooling from the liquid state 
to ordinary temperature are shown in Fig. 85. The analyses of 
these irons as cast into 1.5-in. sq. bars were: 
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Iron 

number 


Composition, per cent 


Total 

carbon 

Graphite 

Si 

Mn 

S 

p 

7 

3 67 

3 26 

2 10 

0 54 

■n 

0 46 

4 

3 10 

2 31 

1 69 

0 48 


0 35 

6 

2 18 

0 56 

1.24 

0 35 


0 27 


The increase in volume on cooling from just below the freezing 
point, observed with irons 7 and 4, may be due in part to the 
formation of graphite, but most of the expansion is probably 



Carbon, per cent 

Fig 86 — Effect of carbon on the casting shrinkage of cast iron. {WUst and 
Schitzkowski, according to Piwowaraky 


caused by the liberation of dissolved gases. Schwartz* 
stated that the net shrinkage of gray iron is about the same as 
the shrinkage of white iron less the expansion produced by 
liberating an equivalent amount of graphite in malleable practice. 

The effect of carbon content on the casting shrinkage of a 
series of iron-carbon alloys is shown in Fig. 86, taken from 
Piwowarsky^’'^^^ who ascribed it to Wust and Schitzkowski. 

96. Alloying Gray Cast Iron. — The mechanical properties of 
gray cast iron, with its matrix interspersed with gf apEil^flakes, 
cannot J?e altered so much by alloying as is the case "with steel, 
since the discontinuities limit the strength which can be obtained. 
In pearlitic irons the propertij^ of the pearlitic cementite call 

* Private communication. 
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be altered by thi^jntroducti of carbide-forming elements, 
particularly chroimim and moTybd^um. The more st^Ie, 
complex carbides are generally harder than cementite and help 
to produce abrasion resistance as well as to make the iron more 
stable a'gainsT'growth. It is often found that such additions 
render the iron J^oo liable to chill so that a graphitizing element 
wThich will al^ dissolve in the ferrite and strengthen it, such as 
nickel or copper, has to be added to correct the chilling tendency. 
Elements which dissolve in ferrite may also be used alone for 
strengthening and toughening. Alloy cast iron is rather new 
but, since cast iron is similar to steel save for its graphite con- 
tent, most or all of the alloying elements found useful in steel 
may similarly serve to,^ improve the properties of cast iron. 

97. White and Chilled Cast Irons. — White-iron castings are 
usually poured into sand molds; thj^ carbon and silicon contents 
are adjusted to produce a completely white structure or a white 
outer layer of any desired thickness. In chilled iron, as men- 
tioned on a previous page, the white portions of the casting are 
produced by^ inserting metal chills into the mold, which produce 
very rapid cooling of the molten iron in contact with them, thus 
preventing the formation of graphite in that part of the casting. 
In general, most cast irons will be white if cooled with sufficient 
rapidity, , and it is, therefore, possible to obtain both white and 
gray iron in the same casting by controlling the cooling rates 
of the different parts, provided iron of the proper composition is 
used. In castings which are to be malleablized the iron is white 
throughout the entire cross-section. 

White cast irons do not lend themselves to classification on the 
basis of properties, because the structure and its accompanying 
properties may vary widely from casting to casting and even 
from one part to another part of the same casting. Thus a 
casting may be entirely white, it may be mostly gray with only a 
thin outer layer of white iron, or it may be white in some portions, 
gray in others, and mottled in still others. WUhin limits, the 
hardness and brittleness of white irons may be controlled by 
regulating the carbon content; for example, irons with the 
highest carbon content are the hardest and most brittle. 

Pohb®^3) recently reported data on the effect of variations 
in the carbon and on the effect of temperature and time of heating 
before pouring on depth of chill. He found that, as the carbon 
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increased from 2.5 to 4.1 per cent, the depth of chill in specimens 
130 X 40 mm. (5.12 X 1.41 in.) in cross-section and 150 mm. 
(5.91 in.) long decreased almost linearly from about 70 mm. 
(2.76 in.) to about 10 mm. (0 39 in ). 

The effect of the presence of graphite in the charge was studied 
by melting a 3.85 per cent carbon iron in a crucible, using 
(charges of all-white, all-gray, and equal parts of each On 
heating to about 1290°C. (2355°F.) and casting at about 1215®C. 
(2220°F.), the all-gray charge gave a 12-mm. (0 47-in.) chill, 
the charge containing equal parts of white and gray iron a chill 
of 16 mm. (0.63 in.), and the all-white charge a chill of 20 mm. 
(0 79 in). But when the melt was heated to about 1385°C. 
(2525°F.) and poured at 1250°C (2280°F.) the depth of chill 
varied only from 29 to 33 mm. (1 14 to 1 30 in ). 

The effect of temperature and time of heating was brought out 
by heating the same iron to 1220, 1355, and 1465°C. (2230, 2470, 
and 2670®F ) and pouring at 1185®C. (2165®F.); the depths of 
chill were respectively 18, 31, and 46 mm. (0.71, 1.22, and 
1 81 in.). 

On heating to 1400®C. (2550®F ) and pouring all specimens 
at 1230°C. (2245°F ), there was no chill when the melt was not 
held at 1400®C (2550°F.) but was at once cooled and poured. 
Holding for 30 min. at 1400®C. (2550°F.) produced only a mottled 
surface, but holding at that temperature for 1 and 1)^^ hr. resulted 
in 1 and 12 mm (0.04 and 0.47 in.) chill respectively The core 
beneath the chill showed finer graphite and higher strength 
with the longer periods of heating 

A series of irons ranging from 2.9 to 4 1 per cent carbon was 
poured hot and cold, the hot pour being 90 to 220°C (160 to 
400°F.) higher than the cold The scleroscope hardness of the 
chill was found to average around 1.5 points higher for the 
hot-poured specimens. 

C. SPECIAL PROPERTIES OF GRAY CAST IRON 

For many of the applications of c^st iron, properties other than 
those included broadly under the classification mechanical 
properties are of great importance in determining the usefulness 
of the material. Among these are machinability, growth, and 
weldability. Others which may be mentioned briefly are damp^ 
ing and some of the physical characteristics such as thermal 
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expansion and thermal conductivity, and electric ^and magnetic 
properties. Data on these are outlined below. 

98. Machinability. — Ordinary gray cast iron is generally con 
sidered to be an easily machinable material. Even a soft iron 
however, may be encased in a very thin layer of chilled iron thal 
renders machining difficult. Thin sections or corners of castings 
made from iron that does not show a strong enough graphitizin^ 
tendency may be white or mottled and, therefore, almost unma 
chinable. Burned-in sand on the surface of the castings maj 
also render machining difficult. 

Results reported by Wallichs and Dabringhaus^'^^®^ illustrate 
the difference of machinability of gray cast irons of differenl 
compositions and how machinability varies with strength and 
hardness. Seventeen irons were investigated whose tensile 
strength ranged from 17,000 to 50,000 lb per sq. in. The 
specimens machined were in the form of tubes having an exterioi 
diameter of 540 mm. (21 in ) and a wall thickness of 20 mm 
(08m). Using similar lathe tools, the cutting speeds required 
to cause the tool to fail in 60 mm. were determined for each 
iron An attempt was made to determine the machinabilit> 
of the surface as cast, but lack of soundness of the specimens 
made this impossible The machinability values reported are, 
therefore, those for the body of the castings. 

The data are shown m Figs 87 and 88, in which the cutting 
speed for tool failure in 60 min is plotted against tensile strength 
and hardness Each plotting point represents the data for one 
cast iron. The iron whose value is shown by the solid circle 
was cast m a chill mold and then annealed No relation could 
be found between composition and machinability or betweerj 
structure and machinability There was, however, a fairly good 
relation between tensile strength and machinability and a good 
relation between hardness and machinability. According tc 
the data shown m Fig. 87, the machinability as measured hy 
tool life is decreased more than 50 per cent as the strength if 
increased from 12 to 35 kg. per sq mm. (17,000 to 50,000 lb 
per sq. in.). 

Data reported by Priester and Curran^^*^^ indicated that the 
machinability of cast-iron pistons could be increased sixfold by 
aimealing;, the annealing decreased the strength and hardness 
from 30 to 40 per cent. 
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Fig 87 — Relation between lathe cutting speed (for tool failure m 60 min.) and 
tensile strength (Walltchs and DahrxnghausM^^) 
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Fig 88 — Relation between lathe cutting speed (for tool failure in 60 min.) and 
hardness (Walliche and Ddbnnghaus 
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Naturally, tests other than lathe tests have been used lor deter- 
mining the machinability of cast iron, the drilling test having 
been the favorite. In some cases surface finish may be quite 
important, and tool life apparently bears no direct relationship 
to the character of the machined surface. An interesting 
discussion of machinability of cast iron and references to some 
important studies will be found in the Symposium on Cast 
Iron 

Diepschlag and Eggert^^^®^ concluded that the machinability 
of cast iron increases with carbon content, while high silicon is not 
advantageous unless the carbon is over 4 per cent; with carbon 
below 3.5 per cent, high silicon was found to be detrimental. 
This comment relates especially to machining by chipping tools. 

99. Wear Resistance. — Good summaries of the present-day 
understanding of the wear resistance of east iron will be found 
in the Symposium on Cast Iron^®®^^ and in a recent article by 
Boegehold.^®^^^ Most of the discussion below is from the latter 
work 

Boegehold pointed out that of the many tests on wear resist- 
ance of cast iron no two were conducted under like conditions, 
and apparently no investigator has ever attempted to check 
the work of another. But in spite of this lack of agreement of 
testing methods, it is remarkable that so many of the conclusions 
agree. Methods of making wear tests may be grouped as follows : 

1 Service tests 

2 Accelerated service tests 

3 Laboratory tests in which service conditions are simulated as nearly as 
possible 

4 Laboratory tests under arbitrary conditions 

Although a large number of service tests is continually in 
progress, results of these are rarely reported in the literature 
Well-conducted service tests are naturally superior to the other 
types of tests in that they yield the most trustworthy data 

In an accelerated service test Bornstein^^sQ) determined the 
wear in tractor-engine cylinders when run for 20 hr. in high 
gear with dirt or abrasive injected into the oil every 30 min. 
Alloy-iron cylinders having a Brinell hardness of approximately 
150 showed much less wear fhaii plain iron having” a Brinell 
hardness in the neighborhood of 125. 
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Recent studies^’^^^ in England have brought out the idea that 
what has usually been considered as abrasive wear in engine 
cylinders may be largely a matter of chemical corrosion by the 
products of combustion rather than a mechanical removal of 
metal. 

A great variety of laboratory wear tests of both types men- 
tioned on the previous page have been used, and most of the 
information found in the literature was obtained by some form 
of laboratory test. According to Boegehold:^^®^^ 

Results obtained in laboratory tests can be relied upon only when 
materials of known value in service are first subjected to the laboratory 
test and are rated in the same order as determined in service. When 
this can be done, the laboratory test becomes of great value, because it 
permits the testing of a much greater volume of materials than can 
economically or conveniently be tested m service The attainment of 
the test conditions which will give this result is sometimes very difficult. 
The logical course to pursue, obviously, is to make the test conditions as 
nearly like service conditions as is possible. 

Sohnchen and Piwowarsky^®®®^ also found that wear resistance 
varies according to type of wear but considered that, in general, 
pearlitic irons are more wear resistant than ferritic irons. 

The following conclusions of different investigators have been 
summarized by Boegehold:^^®®^ 

1 From results obtained with the brake-shoe type of test by Lehman 
a Brinell hardness does not indicate the frictional-resistance quality 

6 Chemical composition cannot be used as a guide for judging abrasion 
qualities 

c Abrasion resistance against steel is increased with increasing pearhte 
content and is influenced unfavorably by the presence of phosphide eutectic 
d Gray cast iron with full pearlitic structure has the minimum abrasion 
when run against steel or cast iron 

2 From data obtained by Klingenstein,^***^ using a brake-shoe test of 
Spindle type 

a In annealed cast iron (ferritic) of below 160 Brinell hardness, the wear 
showed little change with phosphorus up to 0 55 per cent; with phosphorus 
increasing from 0 55 to 1 9 per cent, wpar was reduced 33 per cent 

b In pearlitic cast iron, not annealed, having Brinell-hardness values of 
210 to 240, wear was very little affected by phosphorus up to 0.70 per cent 
With phosphorus increasing from 0 70 to 1 35 per cent, wear was reduced 
25 per cent; amounts above 1 35 per cent phosphorus had no further eff^t. 

c. The pearlitic iron of 210 to ^40 Brinell hardness wore only one-half as 
much as the annealed iron of 160 Brinell. 
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3 From tests with a blunt drill by Klmgenstem:^^®*^ 

a Minimum wear occurs when two parts are of equal hardness 

b An increase m phosphorus from 0 4 to 1 0 per cent decreased wear 42 per 
cent 

c An increase in chromium from 0 3 to 0 7 per cent decreased wear 
25 per cent 

d. An increase in chromium plus nickel from 0 to 1 8 per cent decreased 
wear 25 per cent 

e An increase in manganese from 1 0 to 1 65 per cent decreased wear 
8 per cent 

/ An increase in silicon from 1 15 to 2 0 per cent increased wear 65 per 
cent 

4. From results obtained by Robin/ using an abrasive test with emery 
paper. 

a Resistance to wear increases with the amount of free cementite and 
with the percentage of phosphorus 

b Free graphite does not appear to influence the results 

Boegehold himself drew the following general conclusions: 

Certain conclusions to the contrary, the general picture obtained 
from all this work is that increased hardness, or the addition of elements 
which form hard constituents in the iron either by going into solution 
or by combining chemically, results in decreased wear. It is unfor- 
tunate that those who have published conclusions contrary to this 
picture have not given more details as to the microstructure and history 
of the metals tested or other details which might explain the deviation 
from a naturally expected result. The reason for exceptions to the 
general conclusions above is not now known, so that future work on 
wear testing should be conducted for the purpose of establishing these 
causes. 

100. Growth. — The term ‘‘growth when referred to cast iron 
applies to a permanent increase in dimensions which may occur 
when the iron is repeatedly heated and cooled or when it is 
held at high temperature. Only under corrosive conditions does 
notable growth occur at temperatures below 540°C. (lOOO^F.). 
The increase in volume due to growth may amount to as much as 
50 per cent. A good review of the most important studies 
on the growth of cast iron was prepared by Piwowarsky and 
Esser.^279) Several articles by Donaldson^i®^, 209 . 253 ) a^j-e men- 
tioned under low-temperature annealing (page 336). A book 
by Piwowarsky^®^®^ also contains a good summary of the literature 
on the subject. Bolton and Bornstein^^®^) gave an interesting 
discussion of growth and included a bibliography of 44 references. 
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Remmers^^®^) determined the causes of growth and concluded 
they were graphitization, oxidation along coarse graphite flakes, 
and mechanical swelling created by finely fracturing the slightly 
ductile structure of gray cast iron. also discussed 

the growth of plain irons and the effect of alloying elements upon 
it. 

Work by Oberhoffer and Piwowarsky^^®^^ indicated that a 
silicon-free alloy containing 4.3 per cent carbon had practically 
no tendency toward growth when repeatedly heated to tempera- 
tures which caused appreciable growth in normal cast iron. Sipp 
and coworkers^^®^ found that low carbon as well as low 
silicon tends to improve resistance to growth. Those who have 
studied the subject have found that the tendency toward growth 
increases directly with the silicon content or with the content 
of most other graphitizing elements. Conversely, those elements 
which retard graphitization tend to retard growth. This is 
equivalent to saying that carbide-forming elements, such as 
chromium, tend to suppress growth, while graphitizing elements, 
such as silicon and aluminum, tend to promote growth. 

Growth of iron heated in an oxidizing atmosphere results 
chiefly from an oxidation or corrosion of the interior of the 
castings which is made possible by penetration of the atmosphere. 
Other processes, however, are active in bringing about growth; 
as is shown by the following conclusions drawn by Piwowarskji 

and Esser 1^279) 

1 An appreciable part of the increase in volume observed during the 
first stages of growth results from decomposition of the combined carbon 

2 Growth may be m part attributed to stresses introduced bj 
thermal changes which cause minute fractures to form by the mechan- 
isms suggested by Kikuta(®®> and Benedicks and Lofquist.^^®®> StresseJ 
can also result from the differences in expansion of the iron, graphite 
and non-metallic impurities on change in temperature. After crack 
have been formed the body of the casting can be rapidly oxidized 
thereby causing a rapid increase in volume. 

3. Gases entrapped in the casting can account for but a minute par 
of the growth. However, they may have a catalytic effect in regard t( 
graphitization or other reactions. If entrapped gases are of an oxidizini 
nature, they act just as does the atmosphere in causing oxidation am 
growth. 

4. A high density tends to retard growth as it hinders carbide decbm 
position and the entrance of gases. 
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5. Fine, temper-carbon-like graphite hinders the entrance of ambient 
gases and, therefore, tends to lessen growth. From the standpoint of 
the deterioration described under 2 this form of graphite would also 
tend to retard growth. 

Growth at a temperature of 600®C. (1110®F.) was recently 
studied by Scheil/^®®^ who found that cementite was decomposed 
at this temperature and that an oxide of some sort, probably a 
silicate, formed in the outer layer of the iron. He found that 
the percentage increase in growth increased as the section 
decreased and pointed out that laboratory samples did not always 
give a correct idea of the amount of growth to be expected in 
commercial parts. Thyssen^^^®^ has recently discussed the alloy 
“non-growth” cast irons developed by the British Cast Iron 
Research Association 

101. Hot Working . — Cast iron is seldom subjected to hot 
working, but in the austenitic state it will stand a small amount 
of hot deformation. This is utilized in making dies for deep 
drawing such objects as automobile fenders and for stamping out 
forks and spoons, by casting nearly to shape, heating into the 
austenite field — to about 980°C. (ISOO'^F.) — and pressing in a 
master die which gives the working die its final shape In 
order to improve the wear resistance, chromium is often added^^®®^ 
together with nickel to balance the chilling action of the chro- 
mium. The dies may be further improved by oil quenching and 
tempering. 

102, Welding. — Among the restrictions in the use of cast iron 
as compared with other structural materials is the relative 
difficulty of welding. It is difficult to prepare welding rods or 
electrodes of the composition which will give a deposit of 
the same composition as the casting. The rapid cooling of the 
small volume of fused metal in contact with the body of the 
casting, as well as the rapid cooling of the metal about the weld 
which has dissolved graphite by being heated past the critical 
range, tends to produce a chilled area in and about the weld. 
Some details of precautions for preheating, welding, and anneal- 
ing after welding are given in the Symposium on Cast Iron.^^®®^ 

Coatings of silicon carbide on welding rods have been sug- 
geste3^^ the better to ensure soft welds j, bronze. Monel metal 
and similar non-ferrous welding rods also find much use. 
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103. Damping. — A property of cast iron, favorable for many 
applications, but one not quantitatively studied till recently and 
whose evaluation is still poorly understood, is its damping 
power — the ability to absorb energy and stop vibration. Cast 
iron would make a poor tuning fork, for its absorption of energy 
causes the vibration to die out rapidly The danger from 
building up of critical vibration which may cause a machine to 
shake itself to pieces or to build up a node of stress that might 
result in a fatigue failure is therefore much smaller with a cast- 
iron base for a machine, for example, than with a steel base. 
Figure 89 from Knackstedt^^®^^ compares the damping power of 
some metals and of rubber. It will be seen that vibrations die 
out in cast iron at a rate more like that in rubber than in most 
metals. The testing conditions for the curves given in Fig. 89 
were not strictly comparable, but the general behavior of the 
different materials is roughly indicated by the curves Damping, 
and its relation to other properties, is discussed in more detail 
in Chapter XVII. The relation between damping and the 
endurance limit of cast iron is touched on briefly in Chapter XI, 
section 151. 

104. Miscellaneous Physical Properties of Cast Iron. — Sum- 
maries of the thermal expansion, thermal conductivity, electnc 
conductivity, and magnetic properties of cast iron are included 
in the Symposium on Cast Iron,^^®^^ with selected bibliographic 
references to important articles on these properties which 
appeared prior to 1933. 

According to this symposium, the coefficient of thermal 
expansion from room temperature to 1070°C. (1960°F.) varies 
from 0.0000092 to 0.0000169 per °C., increasing as the carbon 
decreases. 

Sirovich and Vanzetti^^^^^ studied the thermal expansion from 
room temperature to 400°C. (750°F.) ol iron containing 3.0 to 
3.6 per cent total carbon and 2.05 to 2.35 per cent silicon, with 
sulphur from 0.07 to 0.15 per cent, manganese from 0.55 to 0.80 
per cent, and phosphorus from 0-6 to 1,0 per cent. 

Among seven irons in this range of composition, having from 
0.50 to 0.67 per cent combined carbon, the coefficient of thermal 
expansion per degree centigrade Trom room temperature to 
400°C. (750®F.) varied only from 0.0000125 to 0.0000128 and bad 
no direct relation to phosphorus content. One iron, of 3.45 per 
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cent total carbon and only 0.35 per cent combined carbon with 
0.59 per cent each of manganese and phosphorus, gave a coef- 
ficient of 0.0000123. It was therefore concluded that, to obtain 
a low coefficient, the combined carbon should be low. 

The thermal conductivity of cast iron is given in the summary 
of the Symposium as ranging at room temperature from about 
0.11 to 0.14 cal. per cm. per sec. per °C. It decreases as the 
temperature rises and is appreciably affected by changes in 
silicon content, the higher silicon irons having the lower con- 
ductivities. It is decreased slightly, other things being equal, 
as the combined carbon increases 

Sohnchen^^^®^ has recently summarized the earlier literature on 
thermal and electnc conductivities and added further experi- 
mental data. He gave higher values for thermal conductivity 
than those cited above, his range for gray iron being from 
0 14 to 0 16 cal per cm per sec. per °C., that for black-heart 
malleable, 0.15 to 0 17, and for quenched cast iron, with its high 
combined carbon, 0 08 to 0 09. He stated that gray iron, cast 
steel, and cast red brass all have about the same thermal con- 
ductivity. Thermal conductivity of cast iron is further dis- 
cussed m Chapter XV. 

Electric conductivity varies directly with the silicon content 
and with the combined-carbon content and to about the same 
degree as does thermal conductivity. Sohnchen assembled his 
own data and those of some earlier workers in curves, from which 
the following approximate values are taken: 


Total caibon, 
per cent 

Silicon, 
per cent 

Specific resistance, 
microhms per cu cm. 

2 5 

1 0 

49 

3 0 

1 0 

51 

3 5 ! 

1 0 

70 

2 5 

2 0 

70 

3 0 

2 0 

80 

3 5 

2 0 

100 


Partridge^s^^^®^ data on electric conductivity were included in 
those summarized by Sohnclien and are also summarized iit the 
Symposium on Cast Iron,^^®^) Q^re his data on magnetic proper- 
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ties. The magnetic properties of east iron are briefly discussed 
in Chapter XVI. 


D. AUTHOR»S SUMMARY 

1. Cast iron is an impure iron-carbon-silicon alloy, usually 
containing 2 to 4 per cent carbon, 0.25 to 3 per cent silicon, and 
varying small amounts (usually less than 1 per cent) of manga- 
nese, sulphur, phosphorus, and other elements. Despite the 
fact that it is a ternary alloy, it is usually considered in industry — 
and is so considered in this and the next chapter — as an impure 
binary iron-carbon alloy with a variable small amount of silicon 
always present. Cast iron has been defined as an alloy of iron 
and carbon containing carbide eutectic, graphite eutectic, or 
both in the microstructure. For the purpose of this monograph 
the dividing line between cast iron and carbon steel has been 
placed at 1 70 per cent carbon. 

2. The structure and properties of cast iron depend upon 
its composition, especially the carbon and silicon content, and 
upon the conditions under which it is melted and cast. Because 
of the important effect of melting and casting practices it is 
impossible to predict from the analysis of the raw materials used 
what the properties of a casting will be. 

3. The mechanical and other properties of cast iron are 
closely related to its microstructure and to the appearance of 
the fracture. There are three primary constituents in cast 
iron: ferrite, cementite, and graphite. The appearance of the 
fracture — whether it is gray, mottled, or white — and the hard- 
ness of the material depend upon the relative amounts of these 
three constituents and upon the amount of pearlite. ^^eadite, a 
eutectic of iron phosphide, ferrite, and in some cases cementite, 
may also be present if the phosphorus is high enough The 
ferrite in cast iron is not pure alpha iron, it is an iron-rich solution 
containing practically all of the silicon, and possibly a portion of 
some of the other elements, present. Cast iron may also con- 
tain non-metallic inclusions. 

4. The hardness of unalloyed cast iron increases as the amount 
of cementite increases, but the strength does not necessarily 
increase with the hardness. The hardness depends chiefly upon 
the relative amounts of the constituents, but the strength and 
ductility depend not only upon the amount but also upon their 



MANUFACTURE AND SPECIAL PROPERTIES OF CAST IRON 285 


distribution, particularly upon the size and distribution of 
graphite. Gray cast iron may be considered as a low- or medium- 
carbon high-silicon steel in which graphite flakes are embedded. 
The form of these flakes greatly influences the ductility; hence, 
malleable iron, in which the graphite appears as rounded particles 
or nests, is much more ductile than ordinary gray iron, in which 
the graphite appears as flakes or plates. ^ 

5. Castings are usually made by melting cold pig iron and 
scrap cast iron, with or without the addition of steel scrap, in 
a cupola, air furnace, rotary furnace, or electric furnace, and 
pouring into loam, green-sand, dry-sand, or metal molds. Pig 
iron for foundry use is classified by the silicon content, which 
ranges from 1.25 to 3 25 per cent. Of the total pig-iron produc- 
tion in this country, about 12 per cent is used in the foundry and 
about 5 per cent is malleablized 

6. One of the most important characteristics of cast iron is its 
fluidity or running ability; in other words, its ability to fill a 
mold completely and thus reproduce accurately the design of 
the pattern. The fluidity is dependent chiefly upon the composi- 
tion; it increases to a maximum with alloys of eutectic composi- 
tion (4 3 per cent carbon with no silicon, or about 3 7 per cent 
carbon with 2 per cent silicon). According to some investigators, 
the fluidity also depends upon the amount of superheating, 
i e , the maximum temperature to which the molten iron was 
heated before pouring. High percentages of phosphorus lower 
the freezing point but, according to some authorities, this 
element does not increase fluidity if allowance is made for the 
lowering of the freezing temperature. 

7. There is a marked decrease in volume as molten cast iron 

cools from a high temperature to the solidification point At 
this latter temperature a slight increase in volume may result 
from the formation of graphite or the liberation of dissolved gas. 
Below the solidification point, the volume again decreases — but at 
a lower rate — as the iron cools to room temperature. The 
shrinkage decreases with the percentage of carbon from about 
1.50 per cent for 2.25 per cent carbon to 0.75 per cent for 3.50 
per cent carbon. The patternmaker\s allowance for shrinkage 
varies from about Ko oi* J^inTper ft.~^.-75“Of T-per cerit)^fpr 
ordinary gray iron to oir 34 ft. (1.5 or 2 per cent) 

for malleable iron. 
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8. The mechanical properties of gray iron cannot be altered 
to such a marked degree by alloying as is the case with steel since 
the discontinuities resulting from the graphite flakes limit the 
strehi^h and ductility which can be attained. If pearlite is 
present, this constituent can be made harder by the introduction 
of carbide-forming elements, but these also increase the tendency 
of the iron i,o chill. Alloys which dissolve in the ferrite will, to 
a degree, strengthen and may toughen the iron. 

9. White or chilled cast iron can be produced by controlling 
the carbon and silicon percentages and the cooling rate so that 
the fracture of the casting is all white or so that a white surface 
layer of the desired thickness is present The tendency of 
molten cast iron of certain compositions to solidify with a white 
fracture when cooled rapidly is taken advantage of in the pro- 
duction of such materials as rolls where the surface layers must 
be white, hard, and wear resistant and the core soft, gray, and 
fairly ductile. Castings to be malleablized are poured from 
iron of such composition that they are white throughout White 
and chilled irons cannot be readily classified on the basis of 
properties as the structure and properties vary from cast- 
ing to casting and from one part to another of the same 
casting 

10. Ordinary gray cast iron is easily machinable unless it 
has a chilled surface layer or white or mottled areas m thin 
sections or at corners, or unless there is burned-in sand on the 
surface. According to the data available, there seems to be no 
definite relation between composition and structure of unchilled 
gray iron and its machinability as determined by lathe-tool tests. 
There seems to be, however, a direct relation between hardness 
and tensile strength and tool life as determined by the same 
tests. In one series of tests the machinability, as measured 
by tool life, decreased more than 50 per cent as the tensile 
strength increased from 17,000 to 50,000 lb. per sq in. 

11. The evidence regarding the effect of composition and other 
variables on the wear resistance of cast iron is conflicting. 
Boegehold has carefully considered all this evidence and offered 
the general conclusion that increased hardness, or the addition of 
elements which form hard constituents by combining chemically 
or which dissolve in and strengthen the ferrite, is accompanied 
bv decreased wear. Boecehold recommended that, in the future. 
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work on wear testing be directed toward finding causes for the 
exceptions to these general conclusions. 

12. When cast iron is repeatedly heated and cooled, or when 
it is held at a high temperature, there is a permanent increase in 
volume. This growth, which may amount to as much as 50 per 
cent, seems to be ^.aused primarily by graphitization and by 
oxidation along the graphite flakes. These result in the forma- 
tion of fine cracks and a mechanical swelling. It seems likely 
that stresses introduced by thermal changes or differences in 
the expansion of iron, graphite, and non-metallic inclusions with 
changes in temperature contribute to the formation of the 
cracks and the increase in volume. The tendency of cast iron 
to grow increases directly with the silicon content or the content 
of other graphitizing elements. Elements which retard graphiti- 
zation (for example, chromium) retard growth. Oberh offer and 
Piwowarsky found practically no tendency for growth in a silicon^ 
free alloy containing 4.3 per cent carbon when it was repeatedly 
heated to temperatures which caused growth in normal cast iron. 

13. The possibility of hot working cast iron slightly while it is 
heated into the austenitic range, the difficulties in welding this 
material, and its superior ability to damp out vibration are 
discussed briefly. A few data on the miscellaneous physical 
properties, including thermal expansion, thermal conductivity, 
and electric conductivity, are also given. The coefficient of 
thermal expansion increases as the carbon decreases. Thermal 
conductivity decreases with increasing temperature and is 
appreciably affected by the amount of silicon present. Electric 
resistivity varies directly with the amount of silicon and com- 
bined carbon. Other data on the physical properties of cast 
iron are included in the discussion of the physical properties of 
iron-carbon alloys in Chapters XV and XVI. 
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THE MECHANICAL PROPERTIES OF CAST IRON 

Strength Properhes — Relation between Compositiony Structure^ and 
Mechanical Properties — Effect of Superheating and Ladle Additions — 
Effect of Other Variables on Mechanical Properties — Heat Treatment 
of Gray Cast Iron — Author* s Summary 

Until recently gray cast iron, as compared with ordinary 
structural steel, was a brittle material of relatively low tensile 
strength. As a material of construction it has the advantage of 
cheapness and of being readily cast into any desired shape; it is 
exceedingly valuable in some engineering applications because of 
its high compressive strength, its insensitivity to the effect of 
notches especially under repeated stress, and, as noted in the 
previous chapter, its ability to damp out vibration quickly. 
The disadvantage of low tensile strength is no longer serious; 
with proper attention to composition and foundry technique it is 
now possible to produce gray-iron castings whose tensile strength 
approaches that of low-carbon steel. Because of the graphite 
always present, even in high-strength irons, tensile specimens 
show little or no permanent elongation; hence, the relative 
brittleness of cast iron must be given full consideration by 
designers. 

There are many factors which influence the mechanical proper- 
ties of cast iron. In addition to the chemical composition which 
is the most important, the type and temperature of the mold, 
the size of the section cast, the maximum temperature of the 
metal prior to pouring, and the temperature of the metal when 
cast all affect the properties. Thus it is evident that, although 
differences in composition have the most pronounced effect, 
gray cast irons of practically the same analysis may vary widely 
in mechanical properties. 

Except as material for the production of malleable castings, 
white cast iron is of little industrial importance. Moreover, 
white cast irons cannot be classified readily on the basis of 
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mechanical properties; hence, there are relatively few data 
available. These few are summarized on pages 334 and 335 of 
this chapter. Nearly all of the other data correlated in this 
chapter were obtained on gray iron. 

A. STRENGTH PROPERTIES 

There are five principal tests made to determine the strength 
properties of gray cast iron. These are tests for: (a) transverse 
strength, (6) tensile strength, (c) compressive strength, (d) 
endurance limit, and (e) impact resistance. In the following 
sections .the importance of these tests is briefly discussed and the 
effects of composition and other variables on the properties of 
cast iron, as shown by these tests, are given in some detail. 

106. Transverse Strength. — It is the usual procedure to judge 
the quality of gray cast iron by the results of tensile and trans- 
verse tests. The latter are ordinarily made on unmachined 
round bars. The size of the bars depends upon the controlling 
section of the casting and, according to a tentative specification 
(A48-32T) issued in 1932 by the American Society for Testing 
Materials, is as follows: 


Controlling sec- 
tion of casting, in 

Normal diameter 
of test bar as 
cast, in 

Length of test 
bar, in 

Distance between 
supports, in 

0 75 max 

0 875 

15 

12 

0 76 to 1 10 

1 20 

21 

18 

1 11 to 2 00 

2 00 

27 

24 


An earlier specification called for bars 1.25 in. in diameter, 
tested on supports 12 in. apart. In making transverse tests, it 
is customary to determine the deflection of the center of the bar; 
the values of deflection, usually for deflection at fracture, are 
used as an index of flexibility. 

In this country, the transverse strength is ordinarily reported 
as the load required to fractur^ a specimen of a given diameter 
broken on supports a certain distance apart. If the diameter 
of the specimen varies slightly from the desired diameter, the 
observed value is corrected to give the load which would be 
required to break a bar of exactly the desired diameter. Another 
method of reporting transverse strength, which is used abt’oad, 
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is to report what is called ‘‘modulus of rupture/^ This, accord- 
ing to the Symposium on Cast Iron,^®®^^ is “a mathematical 
convention adopted for expressing the transverse breaking 
strength (flexural strength) of materials which are of low ductility 
and which, in general, depart from Hookers law, which is, that 
‘stress divided by strain is constant/’^ 

The general formula for modulus of rupture {MR) for a bar 
loaded at the center is 


MR = 


Pic 

4/ 


where P is the breaking load, I the distance between supports, 
c the distance from the neutral axis to the extreme fiber, and / 
the moment of inertia. If the load is in pounds and the distances 
are in inches, the modulus of rupture will be expressed as pounds 
per square inch. When the metric system is used, the modulus 
is reported in kilograms per square millimeter. 

Heller and Jungbluth^^^^^ pointed out that the conversion by 
formula of results obtained with the 12- or 18-in. span or those 
obtained on the German standard bar [30-mm (1.2-in.) diam- 
eter and 600-mm. (23 6-in.) span] into results for longer or shorter 
spans is not entirely accurate when experimentally checked. In 
the case of bars of different diameters the size effect, z.e., a dif- 
ference in actual structure and properties, also enters. Heller 
and Jungbluth gave correction factors for some grades of iron 

In general, the transverse strength of a machined bar will 
be slightly different from that of an unmachined bar,^^??) 
difference in strength will depend on the amount of metal 
removed, on the character of the surface, and on the chilling 
tendency of the iron. Results later obtained by Meyers- 
berg,<®52) however, indicated that there was very little difference 
in the modulus of rupture between bars cast to 30 mm. (1.2 in.) 
diameter and those cast to 34 mm. (1.34 in.) and turned to 
30 mm., i.e., when only a little metal is removed. Meyersberg 
tested 94 unmachined bars and 97 machined bars and showed 
his results as frequency curves. There was no important 
difference in the frequency curves for the two sets of specimens. 
The effects of size of section and of the casting “skin'' are dis- 
cussed on page 328. 
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MacKenzie^^^’'^ stated that the transverse test is the most 
readily accessible source of information on strength, flexibility, 
toughness, damping capacity, plastic deformation, surface 
condition, and machinability. It is becoming more customary 
recently to machine tensile specimens from the broken ends of 
the transverse-test bar and secure tensile data as well. 



Tensile strength, lb persq in. 

Fig 90 — Relation of tensile strength to ratio of modulus of rupture to tensile 
strength Sources of the data are (1) Symposium Committee’s correlation of 
data on plain cast iron as reported in American literature, 1923 to 1933, (2) 
MacKenzie(^^°), (3) Thum and Ude<*^), (4) Subcommittee XV of Committee A-3, 
A S T M ,(“•) from 1 20-in transverse and 0 8-in tensile specimens, machined, 
(6) same as (4), from 0 5 X 6-in. transverse and. 0 5-in tensile specimens, 
machined {Symposium on Cast Iron,(^^*>) 

106. Tensile Strength and Modulus of Elasticity. — The tenta- 
tive specification of the America^ Society for Testing Materials 
mentioned on page 289 lists seven grades of gray iron, classi- 
fied by tensile strength. In this list, the class number of the 
iron, 20, 26, 30, 36, 40, 60, and 60, is the minimum tensile strength 
in thousand lb. per sq. in. This specification also calls attention 
to the fact that there is no simple relationship between tensile and 
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transverse strengths because of the deviation from Hookers law. 
As pointed out in the Symposium on Cast Iron/“ 2 ) factors 
which cause deviations from Hooke's law also tend to decrease 
strength, and the lower the strength the greater is the difference 
between tensile strength and modulus of rupture. Figure 90, 
from the Symposium, shows the relation of tensile strength to the 
ratio of modulus of rupture to tensile strength for irons of different 



strain, in per in 


Fig 91. — Stress-strain curves of two cast irons tested in tension {Bolton 

strengths. It shows that as the tensile strength increases the 
ratio decreases, but that there is considerable spread in the 
values. 

Stress-strain curves for soft cast irons are generally curved 
from the origin as shown in Fig. 91 from Bolton. Iron B was 
a high-strength iron and iron A a low-strength iron produced by 
pouring an iron suitable for light castings into a heavy section. 
As strain is not proportional to stress even in the range of low 
stresses, cast iron cannot be said to have a true modulus of 
elasticity. (Further information on elastic constants is given in 
Chapter !XV.) What is usually termed modulus of elasticity 
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means the relative stiffness under particular conditions of loading. 
The effective modulus of elasticity at 26 per cent of the tensile 
strength ranges from 12,000,000 lb. per sq. in. for the weaker 
irons to 18,000,000 lb. per sq. in. or more for the stronger type 
of gray irons. 



Fig 92 — Transverse stress-strain curves of three cast irons (A) * “Stiff” 
cast iron, 1 per cent combined carbon, 1 6 per cent graphite, (B) = “Ordinary” 
cast iron, 0 68 per cent combined carbon, 2 44 per cent graphite, (C) = 0 85 
per cent combined carbon, 1 95 per cent graphite {MacKemie 

Wickenden and Vanick, in commenting upon this portion of the 
text, * called attention to an exception to the generally accepted 
assumption that gray cast iron has no definite modulus of 
elasticity: 

The statement that stress-strain curves for, cast iron are curved from 
the origins is not always true. By relieving the stress in specimens at 
about 540®C. (1000®F.) the stress-strain curve of some high-strength 
irons becomes straight up to 12,000 or 14,000 lb. per sq. in. Ordinary 
soft irons show this with less certainty, but the curve may be straight 
up to about 4000 lb. per sq. in. On high-strength iron of 60,000 lb. per 
sq. in. tensile strength, the modulus of elasticity may be between 22 and 
24 million. 


* Private communication. 
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Curves similar in general characteristics to those shown in 
Fig. 91 are given in Fig. 92, from MacKenzie.^^®^^ These are 
transverse stress-strain curves for three types of gray iron, and 
all curve from the origins. Figure 93, from Thum,^®^^^ shows 


Form of graphite 



Permanenf elongation Total elongation 



Fig 93 — Relation between stress>strain curves and size of graphite flakes. 

{Thum 


stress-strain curves for several gray cast irons and the distribu- 
tion of graphite in the materials. The effective modulus of 
elasticity of these irons was given by Thum as follows: 


Iron 

number 

Modulus of elasticity 

kg per 
sq. cm 

Million lb. 
per sq. in. 


1,380,000 

19 6 


1,250,000 

17 8 


1,160,000 

16 5 


1,145,000 

16 3 



12 7 

6 


10 8 
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As the size of the graphite flakes increases, the stress-strain 
curves approach the strain axis, which is equivalent to a decrease 
in effective modulus of elasticity. 

The amount of graphite as well as the size of the particles 
affects the modulus; as the content and size of the particles 
decrease the modulus approaches more nearly that of steel. 
Malleable iron has a modulus of about 25 million lb. per sq. in., 
and in some of the heat-treated cast irons or '^quick-annealed'^ 
malleables the moduli may be as high as 28 million. White 
cast iron which contains no graphite may have a modulus as 
high as 28 million lb. per sq. in. 

107. Compressive Strength. — The compressive strength of cast 
iron is several times the tensile strength and, as shown in Table 
65 from the Symposium on Cast Iron^^^) (which summarizes the 
work of an A.S.T.M. Committee^^^®^), the ratio of compressive 
strength to tensile strength decreases as the latter increases. 

Table 65 — Relation between Compressive and Tensile Strengths* 


Tensile strength, 
lb per sq in 

Number 
of tests 

Average 

ratio 

15,000 to 20,000 

4 

4 08 

20,100 to 25,000 

4 

4 02 

25,100 to 30,000 

2 

3 68 

30,100 to 35,000 

7 

3 61 

35,100 to 40,000 

3 

3 39 

40,100 to 45,000 

2 

2 99 

45,100 to 50,000 

1 

3 31t 

50,100 to 55,000 

1 

3 08t 

55,100 to 60,000 

1 

2 45t 


* Symposium on Cast Iron 

t Vanick, m a private communication, suggested that a better average would be 2 96 for 
the whole group of 45,000 to 60,000 lb per sq in tensile strength 

For many industrial applications, such as bases for machinery, 
pipes used as structural members, and many others, cast iron 
is used for its strength in compreission. Some of these parts are 
so massive in order to supply rigidity that the strength of even 
the weakest cast iron is ample. In machine bases the damping 
ability. (see page 281) of cast iron may also be of value. Thi^ 
property is associated with^the discontinuities formed by the 
graphite flakes and with the resultant inelastic behavior, which 
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Elongation in compression 


.M Elongation m tension 



Fig. 94. — Stress-strain curve in tension and compression of cast iron of 17,000 lb. 
per sq in. tensile strength. (Bach ^nd Baumann 



leo 150 140 130 120 no loo so so lo eo so 40 30 20 10 0 lo 20 30 40 

strain, thousandths of I in. per m. 

Fig. 96. — Stress-strain curve of gray cast iron in tension and compression 

(Bolton.) 
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is indicated by the shape of the stress-strain curve (see also 

Chapter XVII). 


Stress-strain curves in both tension and compression are 
shown in Fig. 94 from early work of Bach^^^^) qjj of 17,- 

000 lb. per sq. in. tensile strength. Curves of the same type are 
plotted in Figs. 95 and 96 by Bolton* who used a low-strength 

iron of the following composition: 


Element 

Percentage 

Total carbon 

3 37 

Combined carbon 

0 34 

Silicon 

2 56 

Manganese 

0 65 

Sulphur 

0 057 

Phosphorus 

0 30 

Copper 

0 14 

For compressive strengths up to 100,000 lb. per sq. in. (and 
for tensile strength) Bolton used an 0.8-in. diameter bar, 3 in. 

long, machined from a 1.2-in. bar cast in sand. 

For higher 

compressive loads a specimen 0.8 X 1 in was 
mechanical properties of the iron were as follows: 

used. The 

Tensile strength, lb per sq in 

26,800 

Compressive strength, lb per sq in 

115,000 

Transverse modulus of rupture, lb per sq in 

61,200 

Deflection on 18-in span, in 

0 275 

Shear, on 0 505-in bar, lb per sq in 

Modulus of rupture in torsion, 1 14-in bar, lb per 

40,925 

sq in 

39,000 

Bnnell hardness 

185 


Figure 95 shows the tension-compression stress-strain curves 
and Fig. 96 a section of both curves, for the low stresses, on a 
larger scale. The engineering significance of the curved stress- 
strain line for gray cast iron has been discussed recently by 

Hurst ^^22) and by Lessells.^^^^^ 

108. Endurance Limit and Impact Resistance. — As mentioned 
on page 288, one of the marked advantages of cast iron as a 
structural material is its relative' insensitivity to the effect of 
notches and other surface imperfections when subjected to 
repeated stress. This notch insensitivity and the endurance 
limit, together with a brief survey of endurance and damping of 


* Private communication. 
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cast iron, are included in the discussion of the behavior of iron- 
carbon alloys under repeated stress (Chapter XI, section 161). 

Cast iron has a low resistance to single-blow and repeated 
impact; moreover, with the usual tests the results are not trust- 
worthy; hence, the only discussion of the impact resistance of 



Strain^ in per In 

Fia. 96. — Same as Fig 95 near zero stress and strain ordinates {Bolton.) 

cast iron which can be given in this section is reproduction of 
the conclusions drawn from a complete study of impact testing 
of cast iron as reported by a Committee of the American Society 
for Testing Materials. These are as follows: 

1. The very small specimens, such as are used for steel, are not reliable 
indices of the impact strength of cast iron. Enger’s modified Izod with 
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a fairly large specimen is by far the best used, though there is no reason 
to believe the same size specimen would not give equally good, and 
perhaps better, results m a Charpy machine. 

2. The Krupp-Stanton test gave relatively enormous differences in 
results for irons closely approaching each other in all other properties. 
It is difficult to see how this test means anything when applied to cast 
iron. 

3. All notched specimens were unsatisfactory. 

4 The tensile impact test does not seem to be a reliable index of 
impact value. 

5. When using specimens 1.20 in m diameter, the large pendulum 
machines of the Russell and Charpy type give results which follow 
closely the resilience measured in the transverse test. 

6. The drop tests seem to indicate the impact resistance left in the 
bar after previous loading to a point just below the breaking point. 
A drop test, therefore, considered in the light of the transverse resilience 
would appear to be a useful index of the relative amounts of plastic 
and elastic deflection. 

7 The bending curve of the transverse test, if the test is accurately 
earned out, is capable of giving most of the information needed about 
cast iron, and the Brinell hardness determined over the whole cross- 
section IS the most valuable supplementary test. 

8 The drop-test machines differ greatly in their construction. They 
would probably become quite generally used if the machines were care- 
fully standardized in all dimensions The tests would then give valuable 
corroboration to the results of the transverse tests. 

9. The committee does not recommend at this time any move toward 
an impact requirement in specifications 

A discussion of the variables which affect the impact resist- 
ance, particularly of carbon steels, is given in Chapter XVII. 

B. RELATION BETWEEN COMPOSITION, STRUCTURE, AND 
MECHANICAL PROPERTIES 

As has been repeatedly stated in this volume and in Volume I 
of this monograph, gray cast iron may be considered as a steel 
matrix interspersed with numerous particles of graphite. The 
properties of the iron are, therefore, dependent upon the charac- 
teristics of the ^'steeB' matrix and upon the size and distribution 
of the graphite. It has been emphasized by a number of investi- 
g^ttorTin the past, and especially by Bardenheuer and Zeyen,^^^*^ 
that the size and distribution of the graphite have more influence 
on the strength of iron than have the properties of the “steer* 
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matrix. To obtain high strength the iron must not contain large 
graphite flakes; on the other hand, a high-strength iron may 
contain almost no combined carbon provided the graphite is 
finely disseminated. With highly dispersed graphite the strength 
of an iron is increased by increasing the amount of combined 
carbon up to the content required to form a matrix consisting 
entirely of pearhte, but producing a pearlitic matrix in an iron 
containing large flakes .of graphite increases the strength but 
slightly, even though the hardness is higher. The problem of 
producing high-strength gray iron, therefore, resolves itself 



Silicon, per ccn+ 

Fig 97 — Composition limits for various structures in cast iron {Maurer 
and Holtzhaussen 


into the problem of producing highly dispersed graphite in a 
cast iron with a pearlitic matrix. 

109. Influence of Composition on Structure — The Maurer 
Diagram. — The structure of gray-iron castings is controlled 
chiefly by regulating the carbon and silicon contents of the iron. 
In order to produce gray iron, these elements must be held 
within certain limits in the melt; these limits may, for a definite 
cooling rate, be roughly indicated by a structural diagram such 
as was originally proposed by Maurer. The Maurer dia- 

gram, shown in Fig. 97, resembles the well-known structural 
diagrams constructed by Guillet to show the structures found in 
alloy steels. 

Disregarding the dashed lines and shaded area, which do not 
form a part of the original diagram, Fig. 97 shows three primary 

* The Maurer and the Maurer-Holtzhauesen diagrams are discussed in a 
former monograph of this senes. 
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and two secondary fields; the secondary fields are for alloys 
showing structures of the adjoining primary fields. Alloys to the 
left of line AB, field I, solidify as white irons. Alloys in field 
II, between lines AB' and AD', form gray iron containing no free 
ferrite, this being the field of pearlitic irons. Alloys to the right 
of line ACy field III, form gray iron containing no pearlite. Of 
the secondary fields, Ila is the field in which mottled iron is 
formed, and II6 is the field in which iron containing both pearlite 
and free ferrite is formed 

The diagram as described above is for castings of test-bar size 
sand cast at normal casting temperatures from commercial irons. 
As the size of the section increases, the lines of the diagram shift 
to the left, and for castings in chill molds the lines shift toward 
the right. The dashed lines and the shaded area were drawn by 
Maurer and Holtzhaussen^^^®^ to show a field for alloys which 
would be pearlitic when cast in sections having a thickness of 
not less than 10 mm. (0.4 in.) and not more than 90 mm. (3.5 in.). 

As a result of several investigations, since the Maurer-Holtz- 
haussen diagram (Fig. 97) was published in 1927, the various 
structural fields shown in Fig. 97 have been changed. In one 
of the most recent of these investigations, by Uhlitzsch and 
Weichelt,^®®^^ a marked change in the ferritic field is indicated. 
According to these investigators, the line AC (Fig. 97) should be 
placed at higher silicon contents. For example, for small sections 
cast in sand the line should pass through the 5.5 per cent silicon 
ordinate just below the 3 per cent carbon line. Accordingly a 
wholly ferritic structure is possible only with higher silicon 
percentages than are indicated in Fig. 97. Uhlitzsch and 
Weichelt also investigated the effect of the wall thickness on the 
location of the pearlitic field. 

Maurer and Holtzhaussen themselves showed that their dia- 
gram (Fig. 97) was not entirely accurate in outlining the fields for 
normal irons cast as test bars 30 mm. (1.2 in.) in diameter. 
However, as the diagram should be regarded only as a rough 
approximation, it was not consi4ered advisable to change the 
original diagram. Maurer and Holtzhaussen prepared about a 
hundred melts in which the carbon content ranged from 2.4 to 
3.8 per cent and the silicon content from 0.8 to 5 per cent. 4^ 
of the irons contained from OM to 1 per cent manganese, 0.3 per 
cent phosphorus, and 0.1 per cent sulphur. Test bars 30 mm. 
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(1.2 in.) in diameter were cast into dry-sand molds at normal 
temperatures, at 250®C. (480®F.), and at 450°C. (840°F.). Sam- 
ples were also cast into chill molds. The tensile properties of 
the samples cast in sand molds at different temperatures are 
shown in Fig. 98. Each plotting point shows the strength of one 
specimen. In general, alloys of high strength were in the 
pearlitic field II. Brinell-hardness values of the specimens cast 



Fig 98 — Relation between tensile strength and structure of iron cast into sand 
molds at different temperatures {Maurer and HoUzhauasen 


into unheated molds are shown by two views of a space model. 
Figs. 99 and 100, and by the curves in Fig. 101. The height 
of the model is proportional to the hardness; the lines upon it 
show the fields outlined by Maurer's diagram The double 
circles in Fig. 101 indicate intersections of the constant-carbon 
sections with lines on the diagram. The abrupt increase in 
hardness when the field of white iron is entered is clearly shown 
by the space model. 

110. Other Data on the Influence of Composition on Properties. 

Some results recently reported by Koch and Piwowarsky^^^s) 
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indicate how the mechanical properties of gray iron vary with 
the carbon and silicon contents arllti with the size of section into 
which it is cast. The tests were made on the 12 irons whose 



Fig 101 — Influence of silicon on the Bnnell hardness of cast irons containing 
(1) 2.4 to 2 6 per cent carbon, (2) 2 9 to 3 1 per cent carbon, and (3) 3 4 to 3 6 per 
cent carbon {Maurer and Holtzhaussen 


compositions are shown in Table 66. These irons were made in 
a Brackelsberg furnace (a rotating coal-fired type) from mixtures 
of a special German pig iron of high purity, a hematite iron, 
scrap rails, and ferrosilicon. As will be observed from the 
analyf^es, the sulphur, phosphorus, and manganese contents 
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were substantially constant. The irons had comparatively 
low strengths. From iron qf each composition samples were 
cast at temperatures of 1440 and 1340°C. (2625 and 2445°F.). 
Four test bars 650 mm. (26 in.) long and of different diameters 
were cast into the same dry-sand mold, the bars being cast 




DicJimeter of rod, in 


Flo 102 — Properties of cast irons of different compositons (see Table 66) , oast 
into bars of different diameters {Koch and PiwowarskyM^^) 

vertically and fed from the bottom. The cast bars* had diam- 
eters of 22, 37, 52, and 67 mm. (0.86, 1.46, 2.05, and 2.64 in.). 
For the transverse test the bar of the smallest diameter was not 
machined, while the other bars were turned to a diameter of 
30 mm. (1.2 in.). The bars were broken on a 600-mm. (23.6-in.) 
span. The results of tensile, transverse, and hardness tests on 
all samples are given in Table 67. The results of some of the 
tests made on samples cast at 4440^0. (2625°F.) are plotted fn 
Fig. 102 which shows that strength and hardness increase as 
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Fig. 103 — Effect of carbon content on the modulus of rupture of cast-iron bars of 
various sizes containing 2 26 per cent silicon {Koch and Piwowaraky (***>) 


Table 66. — Composition of Irons Made by Koch and Piwowarsky^**®^ 


Group 

Identification 
in Fig 102 

Composition, per cent 

Total 

carbon 

Si 

Mn 

P 

. 

S 

I 


3 51 

1 64 

0 40 

0 060 

0 042 


Solid line 

3.44 

2 03 

0 38 

0 061 

0 043 


Short dashes 

3.40 

2 51 

0 39 

0 064 

0 040 

II 

Long dashes 

3 12 

1 65 

0 40 

0 069 

0 043 


Solid line 

3 12 

2 00 

0 41 

0 076 I 

0 042 

1 

Short dashes 

3 03 

2 52 1 

0 38 

0 072 

0 041 

III 

Long dashes 

2 82 

1 63 

0 47 

0 066 

0 041 


Solid line 

2 84 

1 85 

0 47 

0 066 

0 040 


Short dashes 

2 85 

1 

2 23 

0 48 

0 068 

0 044 

IV 

Long dashes 

2 59 

1.30 

0 43 

i 0 069 

0 045 


Solid line 

2 61 

1 69 

0 45 

0 068 

0 046 


Short dashes 

i 

2 63 

2 24 

i 

0 41 

0 073 

0 042 
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Table 67. — Relation between Propebties of Cast Iron, Composition, 
Casting Temperature, and Size op Test Bar* 



1 Diameter | 

1 Composition, per cent 


1 Transverse testf | 


Number 

mm 

in 

Total 

car- 

bon 

Si 

Graph- 

ite 

Com- I 
bined 

car- 

bon 

Tensile 
strength, 
lb per 
sq in 

Modulus 

of 

rupture, 
lb per 
sq in 

Deflec- 

tion, 

in 

Brinell 

hard- 

ness 


Group I Cast at 1440°C (2626°F ) 


lA 

22 

0 

86 

3 

51 

1 

64 

2 

23 

1 

28 

24,200 

43,700 


61 

187 

IB 

37 

1 

46 





2 

26 

1 

25 

17,200 

42,000 


51 

179 

1C 

52 

2 

05 





2 

57 

0 

94 

14,000 

33,000 


45 

143 

ID 

67 

2 

64 





2 

72 

0 

79 

11,500 

25,100 

0 

41 

121 

2A 

22 

0 

86 

3 

44 

2 

03 

2 

10 

1 

34 

24,600 

50,000 

0 

67 

187 

2B 

37 

1 

46 





2 

25 

1 

19 

19,200 

41,600 

0 

49 

165 

2C 

52 

2 

05 





2 

36 

1 

08 

16,100 

35,600 

0 

45 

156 

2B 

67 

2 

64 





■ 2 

43 

1 

01 

15,100 

31,900 

m 

47 

153 

3A 

22 

0 

86 

3 

40 

2 

51 

2 

16 

1 

24 

20,900 

48,000 

0 

59 

187 

3D 

37 

1 

46 





2 

25 

1 

15 

16,800 

36,200 


51 

152 

3C 

52 

2 

05 





2 

36 

1 

04 

15,100 

31 , 300 

m 

49 

149 

3D 

67 

2 

64 





2 

40 

1 

00 

14,000 

27,800 

0 

43 

146 


Group I Cast at 1340®C (2446®F ) 


lAK 

22 

0 86 

3 51 

1 64 

2 33 

1 IS 

26,600 

43,800 

0 63 

187 

\BK 

37 

1 46 



2 37 

1 14 

20,400 

41,300 

0 43 

170 

ICK 

52 

2 05 



2 38 

1 13 

15.800 

37,200 

0 47 

146 

IDK 

67 

2 64 



2 40 

1 11 

12,700 

27,600 

0 43 

131 

2AK 

22 

0 86 

3 44 

2 03 

2 16 

1 28 

26,200 

41,400 

0 65 

187 

2BK 

37 

1 46 



2 20 

1 24 

19,200 

42,000 

0 63 

161 

2CK 

52 

2 05 



2 37 

1 07 

17,100 

36,600 

0 49 

156 

2DK 

67 

2 64 



2 39 

1 05 

16,900 

33,700 

0 49 

153 

3AK 

22 

0 86 

3 40 

2 51 

2 12 

1 28 

20,400 

34,600 

0 47 

187 

3BK 

37 

1 46 



2 18 

1 22 

18,400 

39,200 

0 57 

157 

3CK 

52 

2 05 



2 32 

1 08 

16,500 

33,900 

0 49 

149 

SDK 

67 

2 64 



2 37 

1 03 

14,600 

29,900 

0 51 

143 


Group II Cast at 1440‘’C (2625^F ) 


4A 

22 

0 86 

3 12 

1 65 

2 01 

1 11 


53, 100 

0 35 

235 

4D 

37 

1 46 



2 12 

1 00 


49 800 


202 

4C 

52 




2 20 

0 92 

21,800 

46,800 

0 45 

187 

4D 

67 

2 64 



2 22 

0 90 

19,100 

35,900 

0 37 

183 

5A 

22 

0 86 

3 12 

2 00 

2 07 

1 06 

28,800 

50,100 

0 43 

217 

6B 

37 

1 46 



2 24 

0 88 


44,000 

0 47 

170 

6C 

62 




2 28 

0 84’ 


36,300 

0 39 

166 

6D 

67 

2 64 



2 30 


17,800 

32,600 

0 37 

163 

6A 

32 

0 86 


2 52 

2 12 


28,200 

46,400 

0 41 

207 

6B 

37 

1 46 



2 28 

0 75 

18,100 

38,200 

0 41 

163 

6C 

62 


- 


2 31 

mEm 

16,600 

34,700 

0 39 

158 

6D 

67 

2 64 


i 

2 32 

0 71 

16,500 

30 200 

0 37 

153 
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Table 67 — Relation between Properties of Cast Iron, Composition, 
Casting Temperature, and Size of Test Bar * — {Continued) 



1 Diameter ] 

1 Composition, per cent j 


1 Transverse testf 


Number 

mm 

in 

Total 

car- 

bon 

Si 

Graph- 

ite 

Com- 

bined 

car- 

bon 

Tensile 
strength, 
lb per 
sq in 

Modulus 

of 

rupture, 
lb per 
sq in 

Deflec- 

tion, 

in 

Brinell 

hard- 

ness 


Group II Cast at 1340°C (2446°F ) 


4tAK 

22 

0 

86 

3 

12 

1 

65 

1 

98 

1 

14 

29,200 

62 , 600 

0 

39 

241 

^BK 

37 

1 

46 





2 

10 

1 

02 

26,600 

57,100 

0 

53 

207 

iCK 

62 

2 

06 





2 

15 

0 

97 

22,900 

62,400 

0 

49 

179 

4^DK 

67 

2 

64 





2 

20 

0 

92 

22,100 

46,300 

0 

47 

174 

5AK 

22 

0 

86 

3 

12 

2 

00 

2 

02 

1 

10 

31,200 

62,800 

0 

39 

236 

5BK 

37 

1 

46 





2 

22 

0 

90 

21,800 

61,000 

0 

47 

183 

6CK 

52 

2 

05 





2 

26 

0 

86 

19,500 

42,300 

0 

43 

170 

5DK 

67 

2 

64 





2 

28 

0 

84 

18, *100 

37,500 

0 

43 

170 

6AK 

22 

0 

86 

3 

03 

2 

62 

2 

05 

0 

98 

29,300 

64,800 

0 

47 

228 

6BK 

37 

1 

46 





2 

03 

1 

00 

24,900 

63,800 

0 

49 

202 

6CK 

52 

2 

06 





2 

04 

0 

99 

19,900 

46,300 

0 

47 

183 

6DK 

67 

2 

64 





2 

09 

0 

94 

19,800 

42,400 

0 

45 

183 






Group III 

Cast at 1440°C (2625®F ) 




7A 

22 

0 

86 

2 

82 

1 

63 

1 

66 

1 

16 

32,600 

62,200 

0 

47 

248 

7B 

37 

1 

46 





1 

80 

1 

02 

31,000 

69,100 

0 

46 

207 

7C 

62 

2 

06 





1 

86 

0 

96 

27,000 

64 , 600 

0 

45 

202 

7D 

67 

2 

64 





1 

89 

0 

93 

26 , 600 

60,200 

0 

43 

192 

8A 

22 

0 

86 

2 

84 

1 

86 

1 

73 

1 

11 

34 , 300 

69 , 700 

0 

45 

241 

SB 

37 

1 

46 





1 

92 

0 

92 

29,600 

63,600 

0 

46 

196 

SC 

52 

2 

06 





1 

94 

0 

90 

25,200 

61,800 

0 

43 

192 

SD 1 

67 

2 

64 





1 

97 

0 

87 

24,300 

47,200 


43 

179 

9A 

22 

0 

86 

2 

86 

2 

23 

1 

80 

1 

06 

32.600 

66,600 

0 

33 

240 

9B 

37 

1 

46 





1 

96 

0 

89 

24,900 

49,900 

0 

41 

192 

9C 

52 

2 

05 





1 

99 

0 

86 

21,300 

48,100 

0 

47 

187 

9D 

67 

2 

64 





2 

10 

0 

76 

20,600 


0 

39 

174 






Group III 

Cast at 1340°C (2446°F ) 




7AK 

22 

0 

86 

2 

82 

1 

63 

1 

63 

1 

19 



0 

37 

248 

7BK 

37 

1 

46 





1 

78 

1 

04 

3,2,300 


0 

46 

212 

7CK 

62 

2 

05 





1 

83 

0 

99 

28,200 


0 

47 

207 

7DK 

67 

2 

64 





1 

85 

0 

97 

29,200 

67 , 100 

0 

49 

1 196 

SAK 

22 

0 

86 

2 

84 

1 

86 

1 

73 

1 

11 


46,400 

0 

30 

266 

SBK 

37 

1 

46 





1 

83 

1 

01 

30,600 

63,600 

0 

65 

214 

SCK 

52 

2 

05 





1 

90 

0 

94 

27 , 300 

66,500 

0 

47 

196 

SDK 

67 

2 

64 





1 

94 

0 

90 

25,300 


0 

46 

187 

9AK 

22 

B 

86 

2 

85 

2 

23 

1 

76 

1 

09 

... 


0 

41 

248 

9BK 

37 

1 

46 





1 

80 

1 

05 


61,600 

0 

49 

202 

9CK 

52 

2 

06 





1 


D 

95 

26,600 


0 

51 

192 

SDK 

67 

2 

64 





2 


0 

83 


49,700 

0 

46 

183 
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Table 67. — Relation between Properties of Cast Iron, Composition, 
Casting Temperature, and Size of Test Bar * — {Concluded) 



Diameter 

. 1 

Composition, per cent 


Transverse testf 









Tensile 
strength, 
lb per 
sq in 


1 


Number 

mm 

in 

Total 

car- 

bon 

Si 

Graph- 

ite 

Com- 

bined 

car- 

bon 

Modulus 

of 

rupture, 
lb per 
sq in 

1 

Deflec- 

tion, 

in 

Bnnell 

hard- 

ness 


Group IV Cast at 1440®C (2626®F ) 


lOA 

22 

0 86 

2 59 

1 30 

0 83 

1 76 


72,3001: 

0 16 

286 

lOB 

37 

1 46 



1 40 

1 19 

36,000 

67, soot 

0 28 

241 

IOC 

52 

2 05 



1 46 

1 13 

36,600 

61,900 

0 33 

235 

lOD 

67 

2 64 



1 63 

1 06 

32 , 200 

60,100 

0 36 

228 

llA 

22 

0 86 

2 61 

1 69 

1 48 

1 13 

36,600 

44,400t 

0 28 

262 

IIB 

37 

1 46 



1 66 

1 06 

15 , 900 

66,900 

0 37 

236 

lie 

62 

2 05 



1 58 

1 03 

32,600 

67,600 

0 61 

228 

IID 

67 

2 64 



1 70 

0 91 

28,100 

58,200 

0 43 

217 

12A 

22 

0 86 

2 63 

2 24 

1 60 

1 03 

34,200 

56, 800 t 

0 41 

256 

12B 

37 

1 46 



1 70 

0 93 

30 000 

61,900 

0 43 

207 

\2C 

62 

2 06 



1 78 

0 85 

27 000 

58,300 

0 46 

202 

12D 

67 

2 64 



1 86 

0 77 

26 500 

53,800 

0 43 

187 


Group IV Cast at IMO^O (2445°F ) 


lOAK 

22 

0 86 

2 59 

1 30 

0 68 

1 91 ! 


79 500 

0 33 


lOBK 

37 

1 46 



1 38 

1 21 1 

33,200 

63, 000 t 

0 33 

256 

lOCK 

62 

2 06 



1 42 

1 17 

36 , 700 

53,000t 

0 26 

241 

lODK 

67 

2 64 



1 40 

1 19 

36,600 

61,800t 

0 30 

236 

llAK 

22 

0 86 

2 61 

1 69 

1 46 

1 16 

39,600 

t 


262 

IIBK 

37 

1 46 



1 48 

1 11 

34 , 600 

61,800t 

0 37 

241 

IICK 

52 

2 06 



1 58 

1 03 

32,600 

63,900t 

0 46 

231 

IIDK 

67 

2 64 



1 60 

1 01 

28,600 

60,600 

0 43 

220 

12AK 

22 

0 86 

2 63 

2 24 

1 68 

1 05 



t 

265 

12BK 

37 

1 46 



1 62 

1 01 

33 , 300 

61,900 

0 46 

217 

12CK 

62 

2 06 



1 74 

0 89 

28,000 

60 000 

0 47 

* 207 

12DK 

67 

2 64 



1 75 

0 88 

26 , .300 

66,000 

0 43 

1 196 


* Koch and Piwowarskv 

t The bars 22 mm (0 86 in ) in diameter were tested without removing the surface, the 
others were turned to a diameter of 30 mm (1 2 in ), all were broken on a 600-mm (23 6-in ) 


span 

t Flaw in test bar 
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the carbon content decreases. These values also increase as the 
silicon content decreases. Figure 103 shows to somewhat better 
advantage how the modulus of rupture varies with the carbon 
content for iron containing 2.25 per cent silicon. 

Most commercial cast irons contain from 0.4 to 1 per cent 
manganese varying the manganese content within this range 
has little influence on the properties of the iron if the silicon 
content is ample. It is considered that up to 0.16 per cent 
sulphur is not harmful in the majority of gray-iron castings. 

The phosphorus content of American cast irons^®®^^ ranges 
from 0.15 to 0.90. per cent; this element does not materially 
influence the strength of most types of irons. In high-test irons 
phosphorus is kept low since it tends to increase brittleness. 

C. EFFECT OF SUPERHEATING AND LADLE ADDITIONS 

The investigations of Elliott^^^ ®®®^^ and Saeger and Ash^®®^^ 
in the United States, of Piwowarsky,^^®®*^®^^ Wedemeyer,^^®®^ 
Meyer, ^ 223 ) Bardenheuer and Zeyen,^286) Zeyen^®®^) Germany, 
of Norbury and Morgan^®®®^ in England, and of Tanimura^^^®^ 
in Japan have shown that the structure and properties of cast 
iron are dependent upon the temperature to which the iron is 
heated prior to casting. It is generally acknowledged that 
Elliott^s pioneering work in this field reported in 1919 to 1921 
opened a new era in the production of high-strength cast iron. 

111. Effect of Superheating on Mechanical Properties. — In 
general, as the temperature to which the molten iron is heated is 
raised the graphite flakes in the casting tend to decrease in size 
and the amount of combined carbon tends to increase. For some 
irons at least, as was indicated by Piwowarsky, the amount of 
combined carbon may first tend to increase as the melting 
temperature is raised and then, at high temperatures, tend to 
decrease. The time at which the iron is held at the highest 
temperature also influences the amount of combined carbon in 
the solid iron. 

The data obtained by Meyer, given in Table 68, indicate 
that superheating tends to improve the mechanical properties 
of some classes of gray cast iron. The iron on which the data 
were obtained contained 3.5 per cent carbon, 0.8 per cent silicon, 
0.26 per cent phosphorus, and 0.1 per cent sulphur. Although 
superheating is now commonly used for the production of high- 



MECHANICAL PROPERTIES OF CAST IRON 


311 


strength irons, it has been quite definitely showjn that super- 
heating not only fails to increase the strength of certain irons 
but that it may actually lower their strength. Some of Barden- 
heuer and Zeyen^s^^se) influence of superheating on 

the properties of several irons are given in Table 69. The irons 
were melted in an aluminum silicate crucible and were partly 
protected from the action of the atmosphere by a cover of alumi- 
num silicate. Samples were cast into dry-sand molds. Micro- 
scopic examination showed that the size of the graphite flakes 


Table 68 — Influence of Superheating on Properties of a Cast Iron 
Containing 3 5 Per Cent Carbon, 0 8 Per Cent Silicon, 0 25 
Per Cent Phosphorus, and 0 1 Per Cent Sulphur* 


Heated to 

Cast at 

Tensile 

Transverse test 


op 


op 

strength, 
lb per 
sq m 

1 

Modulus of 
rupture, lb 
per sq m 

Deflection, t 
m 

1250 

2280 

1250 

2280 

34,300 

42,700 

0 44 

1300 

2370 

1250 

2280 

33,900 

58,500 

0 36 

1350 

2460 

1250 

2280 

24,300 

42,900 

0 17 

1450 

2640 

1250 

2280 

34,200 

59,600 

0 44 

1530 

2785 

1250 

2280 

41,100 

61,600 

0 32 


* Meyer 
t Span = 20 d 


decreased as the temperature to which the iron was heated 
increased. However, as the temperature to which the low-carbon 
irons were heated was increased, the graphite tended to form 
a network which would obviously tend to weaken the iron. 
Although the data in Table 69 indicate that superheating had 
little influence on the strength of the iron, an analysis of data 
obtained from 24 melts showed that superheating tended to 
increase the strength of high-carbon irons containing normal 
amounts of silicon and manganese, but that it tended to decrease 
the strength of low-carbon irons {irons with 2.5 per cent carbon). 
The deleterious effect of superheating low-carbon irons could be 
avoided by increasing the silicon content of the iron or by adding 
powdered silicon to the ladle. 

The influence of superheating on the properties of three types 
of cast iron (see page 268 for composition) was determined in 
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this country by Saeger and who found that it did not 

greatly improve the properties of any of the irons. However, for 
an iron of 3.79 per cent total carbon, 1.32 per cent silicon, 0,73 per 
cent manganese, 0.12 per cent phosphorus, 0.06 per cent sulphur, 
recent work at the National Bureau of Standards^^^®^ showed 7 to 
8 per cent increase in transverse strength on bars of 0.75-, 1.20-, 
and 2.2-in. diameter, when the iron had been heated to 1600°C. 


Table 69 — Influence op Superheating on Properties of Cast Iron* 


Melt, number 

Composition, per cent 

Heating temperature 
and timef 

Casting 

temper- 

ature 

Tensile 
strength, 
lb per 
sq in 

Transverse 

testt 

Brmell 

hard- 

ness 

c 

Graphite 

i 

Si 

Mn 

P 

S 

<»C 

OF 

Modulus of 
rupture, lb 
per sq in 

De Section, m 

6 

3 37 

2 68 

1 60 

0 91 

0 46 

0 077 

A 

1340 

2446 

34,600 

61,100 

0 41 

199 


3 42 

2 69 

1 67! 

0 96 



B 

1330 

2426 

33,800 

66,600 

0 43 

208 


3 42 

2 60 

1 68 

1 07 



C 

1360 

2460 

34,900 

69,200 

0 34 

211 

6 

3 20 

2 46 

2 02 

1 02 

0 33 

0 087 

A 

1360 

2460 

34,900 

64,900 

0 49 

211 


3 22 

2 56 

2 15 

1 09 



B 

1360 

2460 

36,300 

64,000 

0 41 

214 


3 26 

2 69 

2 06 

1 08 



C 

1360 

2460 

34,600 

67,800 

0 28 

215 

7 

2 69 

1 81 

2 28 

0 93 

0 36 

0 066 

A 

1350 

2460 

41,000 

82,600 

0 45 

224 


2 57 

1 76 

2 29 

0 97 



B 

1360 

2460 

43,100 

73,200 

0 36 

246 


2 61 

1 83 

2 28 

1 01 



C 

1360 

2460 

46,700 

70,600 

0 36 

243 

8 

2 30 

1 69 

2 47 

0 99 

0 37 

0 067 


1380 

2516 

34,600 

80,800 

0 36 

240 


2 29 

1 66 

2 46 

0 99 



B 

1380 

2616 

47,100 

71,200 

0 28 

263 


2 30 

1 47 

2 49 

0 97 



C 

1380 

2516 

48,600 

66,600 

0 31 

264 


♦ Bardenheuer and Zeyen 

t A held 15 mm at 1360 to 1380°C (2460 to 2616°F ) , B held 15 mm at 1460 to 1600®C 
(2660 to 2730°F ), C held 16 min at 1680 to 1630®C (2876 to 2966®F ). 

X Bar of 30-mm (1 18-m ) diameter broken on 600-mm (23 6-in ) span 


(2910®F.), over that obtained when the iron had been heated 
only to ISOO^C. (2730°F.). Superheating to 1700°C. (3090®F.) 
produced a further increase in transverse strength of 7 to 8 per 
cent over that from the superheating to 1600°C. (2910°F.). 

112. Tanimura’s Investigation of the Effect of Superheating on 
Properties. — Tanimura^^®®^ made small laboratory heats, using 
fairly pure materials. His base was a white pig iron of 3.14 per 
cent total carbon, 0.16 per cent manganese, and only a trace of 
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silicon, with 0.046 per cent phosphorus and 0.032 per cent suh 
phur. Silicon additions were made witli a ferrosilicon of 64.75 
per cent silicon. Higher carbon melts were made by allowing 
the charge to pick up carbon from the graphite crucible, while 
low-carbon melts were made by dilution with Swedish wrought 
iron of 0.07 per cent carbon, 0.05 per cent manganese, 0.041 per 
cent sulphur, and 0.086 per cent phosphorus. The silicon in 
the wrought iron, most of which was present as slag, was 0.20 per 
cent. 

Tanimura heated his melts for 10 min. at the predetermined 
temperature, which ranged from 1300 to 1600°C. (2370 to 
2910®F.), and then cooled all the melts to the same temperature, 
1250°C. (2280®F.), before casting. Some of the melts were 
poured into mercury to produce a chilled regulus, and others into 
a sand mold preheated to 500®C. (930°F.) to produce very slow 
cooling. The proportions of combined carbon and of graphite 
were then determined in order to show what effect superheating 
had upon the tendency to chill. 

After heating alloys of the following composition 




Percentage 


Element 

— 





a 

h 

c 

d 

Carbon 

3 21 

3 16 

2 98 

2 99 

Silicon 

1 38 

1 65 

2 05 

2 56 


to temperatures of 1450 to 1525®C. (2640 to 2775°F.) — the higher 
silicon alloys requiring the higher temperatures — there was a 
larger proportion of combined carbon formed than when the alloys 
were heated at lower temperatures. 

An iron with lower silicon (1 19 per cent) and 3.02 per cent 
carbon gave erratic results, the graphitic carbon in some samples 
being 50 to 60 per cent of the total carbon, and in others only 5 to 
25 per cent, until the iron was hpated to 1425®C. (2595°F.) when 
it became fully white. A similar iron, with 3.17 per cent carbon 
and 1.19 per cent silicon, poured into hot sand, did not show any 
chill until it had been heated to 1525°C. (2775°F.); but after 
heating at 1600®C (2910®P.) it became fully white. Irons of 
the following composition 
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Element 

Percentage 

a 

b 

c 

d 

Carbon 

Silicon 






appeared to be unaffected by variations in melting temperature. 
In the slowly cooled samples and with still higher silicon and 
carbon contents, viz.. 



1 Percentage 

Element 

a 

b 

Carbon 

3 50 

3 35 

Silicon 

2 07 

2 89 


superheating produced more graphite. 

Tanimura concluded that the effect of superheating vanes not 
only with the composition but also with the cooling rate. He 



Fig, 104 — Composition limits for gray, mottled, and white cast irons iTani- 

mura 0»5)) 

plotted a structural diagram, Fig. 104, in which the compositions 
versus structures are given. Alloys whose composition lies in 
field I solidify as gray irons; when the composition is just to the 
right of the solid curve, they are high-strength gray irons. Alloys 
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whose composition lies in field II solidify as white irons when 
chilled and as gray irons when cooled slowly. Such alloys are 
suitable for chill castings. Alloys whose composition falls in 
field III are made gray with great difiiculty, usually only by cast- 
ing in a hot mold. 

Regarding the effect of superheating, Tanimura found that 
this operation increased the graphite in irons whose composition 
is far to the right of the solid curve in field I; superheating had 
little effect on those alloys in field I close to the solid curve and 
induced chilling in those alloys whose composition lies within 
fields II and III. When the alloys are chill cast, superheating 
the irons whose composition lies just to the right of the solid 
curve in field I favors the formation of a white fracture. Super- 
heating alloys whose composition lies farther to the right in field I 
may also result in white iron; but as the distance from the solid 
curve into field I increases, higher superheating temperatures are 
necessary to produce the white fracture. Tanimura then made 
tensile tests on superheated irons of 2.8 per cent and 3 6 per 
cent carbon with varying amounts of silicon and concluded 
that the highest strengths were obtained with an iron which, for a 
given carbon content, has as little silicon as will keep it gray — 
i.e.f has a composition not far to the right of the solid line in 
Fig. 104. Higher silicon tends to lower the strength. In choos- 
ing the carbon content for high-strength irons which are super- 
heated, the lower carbon contents are preferred since only in 
these is the graphite fine instead of coarse, provided, of course, 
that the silicon is high enough. This is brought out in Fig. 105. 
The highest strength is obtained in an iron with 2.8 per cent 
carbon and 1.0 to 2.0 per cent silicon. With higher silicon per- 
centages the strength is slightly lower, and with less than about 
1 per cent silicon the strength drops rapidly. In the higher 
carbon iron there is a very narrow range of silicon — 1.0 to 1.5 per 
cent — ^where the strength is fairly high. Increasing the silicon 
content of the 3.6 per cent carbon iron has a more marked effect 
on the tensile strength than a corresponding increase in the 
silicon of the 2.8 per cent carbon alloy. 

113. Effect of Ladle Additions on Mechanical Properties. — A 
method of treating an iron of 2.8 per cent carbon with such low 
silicon that it would be om the dividing line between a peaiiitic 
and a mottled iron, as indicated by Fig. 97, is given by Smal- 
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ley.(343) jj0 added calcium silicide in the ladle, in the proportion 
of 120 oz. per ton, to an iron of 2.8 per cent carbon, 1.2 per cent 
silicon, 0.6 per cent manganese, 0.1 per cent sulphur, and 0.18 
per cent phosphorus and found that small castings which would 
have been white without the addition had finely distributed, 
small graphite flakes in a pearlitic matrix. Standard test 
specimens of this iron, so treated, were stated to have a tensile 



Fig. 106 — Relation between silicon content and tensile strength of superheated 
low- and high-carbon cast irons {Tammura 

strength of 47,000 to 51,000 lb. per sq. in. with a perceptible 
elongation of 0.5 to 1 per cent, a Brinell hardness of 225 to 250, 
and a transverse strength (P.^-in diameter bar, 12 in between 
supports) of 4800 lb. with about 0.13 in. deflection. A similar 
iron, of the same carbon content but with 1.65 per cent silicon, 
treated with 100 oz. of calcium silicide per ton, showed 46,000 lb. 
per sq. in. tensile strength, 0.5 per cent elongation, 255 Brinell, 
and 4300 lb. transverse strength with 0.16 in. deflection. 

Lemoine^^'*^^ mentioned the addition of silicochromium or 
silicotitanium alloys to the ladle for purposes similar to those 
sought by Smalley in the use of calcium silicide, but stated that a 
ladle addition of silicon in the form of ferrosilicon containing 90 
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per cent silicon is also effective. He found that the excessive 
shrinkage and porosity met with in superheated cast iron con- 
taining 2 50 per cent carbon or less and 2.50 per cent silicon can 
be avoided by raising the carbon to 2.55 to 2.70 per cent and 
lowering the silicon to about 2.00 to 2.20 per cent; such charges 
melted in the electric furnace had tensile strengths of 41,000 to 
49,000 lb. per sq. in. on bars cut from 3-in. sections of actual 
castings. Such iron, made in the cupola with steel charges, was 
however found to lack fluidity and to show too much tendency to 
chill. Addition of part of the silicon to the ladle was found to be 
helpful in remedying these troubles. 

Lemoine concluded that instead of making the melt direct from 
steel scrap it is preferable to make first, in the regular cupola, 
a low-carbon pig iron of 2.20 per cent or less carbon, 1.50 to 2.00 
per cent silicon, and 1.20 to 1 50 per cent manganese and to treat 
this molten charge with soda ash to remove silicate inclusions 
which are thought to injure the fluidity of the metal. Some 40 to 
50 per cent of this pig is then remelted with 15 to 20 per cent shop 
scrap and 30 to 35 per cent steel scrap and treated in the ladle 
with ferrosilicon (90 per cent silicon). R. S. MacPherran* 
commented that this practice was in use in 1895 and is still in 
daily use in Great Britain 

Coyle^^®^^ gave the diagram shown in Fig 106 and later Coyle 
and Houston^29i) discussed methods for producing the low-carbon 
irons in the region of highest strength. At least 75 per cent 
steel scrap with 25 per cent cast-iron scrap is charged together 
with ferrosilicon and ferromanganese so that the metal tapped 
from the cupola contains from 2.50 to 3.10 per cent carbon with 
not more than 0.75 per cent silicon and between 0.50 to 0 80 per 
cent manganese. If such metal were cast directly, the castings 
would be white. An addition of ferrosilicon (or ferrosilicon and 
nickel) is made as the metal flows into the ladle to adjust the 
content of graphitizer. The graphite is then precipitated in 
very fine, evenly distributed particles. The metal should be 
cast promptly, or the graphite may coalesce into large flakes. 
Coyle and Houston discussed the process chiefly in relation to 
the use of nickel in metal so melted, and the detailed data they 
cited are for nickel irons. They stated, however, that without 
nickel tensile strengths up to. 49,000 lb. per sq. in. can be obtaified 

* Private communication. 



318 


THE ALLOYS OF IRON AND CARBON 


in plain iron cast in arbitration bars, but that the center of 3-in. 
rounds is weaker. 

MacPherran^^^®’^^®^ described a similar process, consisting of 
melting a charge containing 95 per cent steel scrap, 4.5 per cent 
ferrosilicon (50 per cent silicon), and 0.5 per cent ferromanganese 
(80 per cent manganese) and making a final addition at the spout 
of 6 lb. per ton of silicomanganese containing 50 per cent silicon 
and 25 per cent manganese. While additional alloys are often 
used to secure still higher strength, MacPherran pointed out 
that the use of such alloys is not essential to the production of 



Fig 106 — Cast-iron diagram showing tensile strength versus composition 

{Coyle ( 207 )) 

high-strength cast iron. He stated that an iron with 2.5 to 
3.0 per cent total carbon, 19 to 2 65 per cent silicon, 0 7 to 
0.8 per cent manganese, about 0.1 per cent sulphur, and from a 
trace to 0 2 per cent of residual nickel had tensile strengths of 
51,0QP to 62,000 lb. per sq. in. 

114. Explanations of the Effect of Superheating on Proper- 
ties. — The most popular explanation of the influence of the 
temperature reached in melting on the structure of the solid iron 
is that graphite nuclei are present in the molten iron and that they 
gradually disappear as the temperature is raised or as the time 
at temperature is increased. Piwowarsky^^®^^ considered the 
graphite-nuclei theory as a possible explanation of the behavior 
up to the temperature of reversal, and this explanation became 
general. He himself, however, challenged this conclusion in a 
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later article and presented observations to prove that graphite 
nuclei could not be present in iron heated to just above the 
liquidus/^^^ In his most recent report on graphitization Piwo- 
warsky^®^^^ stated that even coarse graphite dissolves so rapidly 
in molten cast iron that graphite nuclei can play no part in 
graphitization. This has been discussed in Volume I, Chapter 
XII. 

The reversal by which the highest melting temperatures appear 
to produce a recurrence of coarse graphite, i e., failure to under- 
cool, has been chiefly noted in laboratory melts Bardenheuer 


Superheortfng temperature, deg F 
2200 2600 3000 3400 3800 



Fig 107 — Relation between superheating temperature and number of graphite 
nuclei {von Schwarz 

and Zeyen^248) ascribed this to attack upon the crucible wall and 
showed a photograph of a melt frozen in the crucible from a 
maximum temperature of ISOO^C. (3270®F ) in which coarse 
graphite separated at the periphery of the melt, close to the 
crucible, indicating contamination With such disturbing fac- 
tors omitted, von Schwarz^®*^> considered that the correct curve 
for the effect of overheating on existence of graphite nuclei, or 
the phenomenon ascribed to it, is as shown in Fig. 107. 

As mentioned in Volume I, Chapter XII, von Keil and cowork- 
0i;.g(725) postulated the existence of ferrous silicate particles as an 
alternative to the graphite-quclei theory. Lemoine^^®^^ has 
already been cited (page 317) as believing that silicates may be 
present in amounts sufficient to affect fluidity, and that part of 
them may be removed by soda ash. 

Walther^^® 2 ) found that separation of the desired type of 
graphite nuclei in high-test iron may be secured by addition to 
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the electric furnace, just prior to the final silicon additions, of 
scrap, of the same analysis as the bath, which has its graphite 
in the desired fine, nodular form, while, if coarser graphite and 
hence better machinability is wanted, the scrap should have 
coarse graphite present. 

As a result of experiments with vacuum melting and with 
deoxidation by aluminum, Kottgen^^®®^ concluded that the effect 
of superheating of the melt upon the size of graphite flakes is 
connected with gas content. Lemoine^^^^^ emphasized the marked 
difference in the effect of silicon added early in the melt compared 
to that added just before pouring, and this recalls the discussion 
on overreduced” steel castings where the time of addition of 
silicon appears to affect the gas content. Probably a number of 
interrelated phenomena occur in a melt of cast iron, and which 
one IS of primary importance in controlling the type of graphite 
formed remains to be shown. 

Piwowarsky^^®^^ listed among the factors which influence the 
size and distribution of graphite, superheating, stirring of the 
bath, time of addition of silicon, carbon content, and content 
of alloying elements. Separation of gas from the melt is men- 
tioned as perhaps having an effect similar to that of stirring the 
bath. The presence of slag low in oxide tends toward the 
production of fine graphite. Piwowarsky again remarked (see 
page 318) that the idea of undissolved graphite flakes in the melt 
seems no longer tenable and that something else in the melt 
must be responsible for the phenomena so often ascribed to them 
Molecular groupings of carbides, silicides, etc., in the liquid 
state, which are more or less dissociated under different condi- 
tions, were suggested as a possibility. 

The effect of slag, mentioned by Piwowarsky, has been dis- 
cussed in Volume I, Chapter XII, in its relation to von KeiPs 
^^silicate slime” idea. W. Ruff* suggested introducing oxide 
particles in the finishing stage of a cast-iron heat, to serve as 
nuclei for graphitization, instead of adding ferrosilicon or calcium 
silicide. He claimed that silicon alone, in the absence of oxygen, 
does not cause graphitization, and that white iron can be obtained 
with a silicon content over 1.7 per cent, provided that oxygen is 
not present to form nuclei for graphite separation. He suggested 
heating in a reducing atmosphere (superheating is said to aid, 

♦US. Patent 1,985,563, Dec. 25, 1934. 
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but it is to be avoided if possible) and removing the oxygen- 
containing slag, then adjusting the silicon content (a minimum 
of 0 5 per cent silicon is required), and finally oxidizing to a 
controlled degree by use of an oxidizing atmosphere, an oxidizing 
slag, or addition of iron or manganese oxide. By this regulation 
of the oxide content before pouring, the degree of undercooling 
and the number, distribution, and size of graphite particles are 
said to be under control. 

It is alleged that white iron can be thus taken direct from 
the blast furnace, adjusted for silicon content, then given the 
controlled oxidizing treatment, and finally annealed several 
hours at 675 to 735®C. (1245 to 1355°F.) to break down pearlite. 
By securing a very fine structure in the graphite formed during 
solidification and applying this short low-temperature heat 
treatment material comparable to malleable iron is said to be 
produced. 

The comments of Kottgen and of Piwowarsky (see page 320) 
that gas may have something to do with the type of graphite 
produced are apparently about to be justified, for, according to a 
preliminary announcement by the British Cast Iron Research 
Association, Norbury has found it possible to change the 
structure from one type to another by treatment with suitable 
gases and has evolved a method' by which a suitable addition to 
the metal and a simple aftertreatment of the molten metal 
produce, on a laboratory scale at least, the finely divided under- 
cooled form of graphite, regardless of the original total carbon. 
It is also stated that this can be done in heavy sections, and that 
the action can be reversed and flake graphite produced from a 
melt that would give fine graphite. Details had not been pub- 
lished at the time of preparing this volume. 

Comstock, Paschke and Schuster, and others have 
pointed out the effect of small amounts of titanium in favoring 
the production of fine graphite. 

Girardet^^^^^ has described a swirling fore-hearth into which 
cupola metal is tapped and in which it is whirled for a minute or 
two. He stated that in an ordinary iron of 2 per cent silicon, 1.3 
per cent phosphorus, and 0.4 per cent manganese (carbon and 
sulphur contents not given) whirling produced finer graphite, 
raised the Brinell number from 145 to 160, and improved the 
Fremont impact-test result about 40 per cent. The claim was 
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made that, once the modified graphite form has been obtained, 
^‘heredity'' will preserve it on a remelt. The action is ascribed, 
among other things, to elimination of gas and modification of 
liquid emulsified materials, 

Girardet* stated in 1934 that the swirling apparatus, somewhat 
modified from its first form, has operated satisfactorily for 4 years, 
but that no other installations have ever been made. He stressed 
the point that a type of stirring action is required which will give 
an area of relative quietude so that gas may be removed and 
slag particles in suspension may be agglomerated, rather than a 
type of stirring which will tend to emulsify the slag particles 
in the metal. Irresberger^^®^^ had found earlier that agitation 
was helpful; and the use of a rocking electric furnace in super- 
heating cast iron to produce higher strength and finer graphite 
than is obtained in unstirred melts of the same composition has 
also been reported. 

Nipper^^^^^ pointed out that upon superheating, impurities, 
consisting of coarse or more or less dispersed oxides and silicates, 
coagulate and separate out. The high degree of purity thus 
obtained allows undercooling which produces fine graphite. 
Pearce, in discussion of Nipper^s paper, remarked that English 
investigators have regarded superheating as producing an under- 
cooling which in turn produces* graphite so fine as to be unde- 
sirable, and later siliconization as serving to correct this and 
produce graphite in a fine but not too fine state of division. The 
Germans, on the contrary, seem to consider that undercooling 
is promoted by the final addition of silicon. Pearce suspected 
that each may be right in the case of the pig irons he is using, 
and that the investigators are converging on the truth.^’ 

Thus the factors involved in control of size and distribution 
of graphite appear to be explainable without resorting to an 
assumption that actual graphite nuclei are present or absent in 
the melt. If it is, instead, assumed that non-metallic inclusions 
or tiny gas bubbles, released as the metal freezes, are the nuclei 
involved, the control of the nuclei by superheating, slagging, 
stirring, control of atmosphere, and by the introduction of small 
amounts of metallic elements which readily form oxides, nitrides, 
or stable carbides, becomes explainable much as the old idea of 
^^body^^ in steel is explainable by the theory of submicroscopic 

* Private communication to Dr. G H. Clamer. 
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particles which produce small grain size. If for grain size in 
steel graphite size in cast iron is substituted, the theories become 
very similar, Finishing^’ the heat of cast iron along lines 
analogous to finishing the heat of steel seems to be what modern 
practice is tending to do. Obviously the possibility of con- 
trolled finishing in the cupola itself, or even in the ladle, is 
limited, and other methods of melting or of final treatment in a 
duplexing operation offer greater possibilities 

Although much emphasis has been laid on high-strength iron 
and on methods for control of the size of the graphite particles 
in low-carbon irons, a comment of Pearce^^'*®^ is worth repeating: 

A word of caution is required about specifying these high-duty irons. 
They are more difficult to cast, for they have a high melting tempera- 
ture, a shorter fluid range, and greater shrinkage than ordinary cast 
irons, and it does not follow that any and every casting can be made m 
them. The necessity for securing varied thicknesses in one piece 
forms the very raison d^Ure of the average casting, and the design and 
size often compel the use of a composition permitting a greater degree 
of castability. 

D. EFFECT OF OTHER VARIABLES ON MECHANICAL PROPERTIES 

There are a few variables met with in the production of iron 
castings, in addition to the composition and the operations 
described under the term superheating and ladle additions, which 
affect the mechanical properties. The most important of these 
are the casting temperature, the size of the section cast, and the 
casting skin. Data on these variables are summarized below. 
There is also some information available on iron as cast centrif- 
ugally and as cast into permanent molds, and on the properties 
of white and chilled cast irons, which are likewise summarized 
below. 

116. Effect of Casting Temperature on Properties. — The prop- 
erties of gray cast iron are naturally somewhat influenced by the 
casting temperature employed, bqt they are more nearly constant 
for different pouring temperatures than is the case with many 
other alloys. Bardenheuer and Zeyen<2«) found that for an iron 
containing 3.6 per cent carbon, 1.82 per cent silicon, 0,69 per 
cent manganese, D.49 per cent phosphorus, and 0,116 per cent 
sulphur, which had been heated to 1400®C. (2550°F.), the 
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modulus of rupture and the tensile strength varied with the 
casting temperature* as follows: 


Casting temperature 

Modulus of rup- 
ture, lb. per sq in 

Tensile strength, 
lb per sq in. 

®C. 

op 

1380 


47,200 

20,900 

1340 


52,100 

23,600 

1305 

2380 

50,900 

22,900 

1270 

2320 

46,800 

23,000 

1230 

2245 

46,400 

24,300 

1180 

1 

2155 

44,700 

23,500 


116, Influence of Size of Section on Properties. — The rate at 
which a casting cools decreases as the size of the casting increases. 
Since the properties of cast iron depend on the rate of cooling, 
they also depend on the mass of the casting. The cooling rate 
is not constant throughout a casting; portions near the surface 
cool more rapidly than portions near the center, and the strength 
of specimens taken near the surface may be appreciably greater 
than that of sections near the center or axis. Consequently, 
for large sections, specimens taken from near the axis may not be 
at all representative of the over-all strength of the material. 
This is brought out in the Symposium on Cast Iron^^®^) where 
data are presented to show that as the diameter of the cast test 
bar increases the percentage decrease in modulus of rupture 
is much less than the percentage decrease in tensile strength 
of specimens cut from the axes of the cast bars. Data reported 
by Pearce^^®*^^ proved that the decrease in strength as size of 
section increased did not result from a decrease in the amount of 
combined carbon. The size of the graphite flakes, however, 
increased as the size of the section increased. 

Figures 102 and 103 (pages 305 and 306) show the decrease in 
strength with increase in diameter of cast bar for several irons. 

♦ MacKenzie (private communication) in commenting on this portion 
of the manuscnpt called attention to the fact that the iron used by Barden- 
heuer and Zeyen was of an analysis which is msensitive to variations in 
casting temperature. According to MacKenzie, if they had used a low- 
carbon iron, the effect of casting temperature would have been more 
pronounced. 
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The data reported by Bornstein/^®®^ given in Table 70, provide 
a somewhat better picture of the decrease in strength as the 
diameter of the cast bar increases. 

It is well known that the cooling rate and, consequently, the 
structure and properties of cast iron are to a considerable degree 
dependent on the size of the section. Thus it is possible for the 
corners or surfaces of a casting to chill while the interior cools 
slowly enough during freezing for coarse graphite to separate. 



Size sensitivity, a 

Fio 108 — Relation between tensile strength and size sensitivity {Hdler and 

Jungbluth.O^^)) 

In general, according to Heller and Jungbluth,^^^^^ the effect ot 
section size is less pronounced with the stronger irons. These 
investigators worked out the relation between tensile strength and 
section size as shown in Fig. 108. The ^‘section sensitivity^' 
factor a is the exponent in the equation 

Szl \30/ 

where Szq is the tensile strength determined on the stand^4 
30-mm. diameter ‘bar, Sd theMiensile strength determined on a 
bar of another diameter, and d is that diameter in millimeters. 
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The exponential nature of the sensitivity relation is brought 
out by Heller and Jungbluth in Fig. 109 for the irons listed in 
Table 71. It should be noted that the ordinate of Fig. 109 is in 
percentage, the strength of each iron in the 30-mm. diameter 
specimen being taken as 100 per cent. As will be seen in Table 
71, the strengths vary widely. The slope of each curve in the 


Table 70 — Relation of Tensile Strength and Modulus of Rupture 
TO Diameter of Casting* 


Tensile strength, lb per sq in 

Modulus of rupture, lb per sq. m 

1.2-in 
diameter 
bar, as 
cast 

Percentage, as compared 
with tensile strength of 

1 2-in diameter bar 

1.2-in 
diameter 
bar, as 
cast 

Percentage, as compared 
with modulus of rupture 
of 1 2-in diameter bar 

0 75-in 
diam- 
eter 
bar 

2-in 

diam- 

eter 

bar 

3-in 

diam- 

eter 

bar 

0 75-in 
diam- 
eter 
bar 

2-in 

diam- 

eter 

bar 

3-in 

diam- 

eter 

bar 


Soft iron 


23,600 

122 

65 

51 

41,800 

133 

94 

78 

25,400 

107 

71 

57 

43,000 

121 

91 

76 

24, soot 

list 

68 1 

54 1 

42, 400 t 

127t 

93 1 

77 1 


Machinery iron 


35,200 

104 

69 

53 

58,400 

155 

95 

80 

36,000 

104 

77 

63 

60,900 

113 

100 

94 

36,900 

101 

84 

66 

65,000 

117 

97 

82 

36,000t 

103 1 

77 1 

61t 

61,400t 

115t 

97 1 

85 1 


♦ Bornstem 
t Average 


logarithmic plot shows the exponent a. Of course, the lines 
would not be straight if a structural change occurred, i.c., they 
are valid only for gray iron and would show a break when the iron 
starts to become mottled. 

Rother,^^^®^ Rother and Mazurie,^^®®’®®®^ the American Society 
for Testing Materials, Pearce, Bolton,^®^®-^^ MacPher- 
ran,^®^*^ Rwowarsky and Sdhnchen,<®®®^ and von Schwarz and 
Vath^®®®^ have all dealt with this general topic. It is further 






Tensile strength, per cent 
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Wall thickness, in 

039 0 59 079 I.I8 158 197 236 276 315 354 



Fio 109. — Relation between tensile strength and wall thickness {Hdler and 

Junghlvth 


350r 


Sfrenqfh increases^ 


S frocfi/re 


Hard and brittle 


300h 


250 

«A I Oreafest strength. Hard to machine 


_g200b 


oQ ISOF 


and fair finish 


strength 


Open gram. 
Machines soft 



tVhite iron Cementite and austenite 


Mottled iron Cementite,qraphite,-\ 
andpearhte 


- Best high -test irons 


Fair strength Easy machining 


'Chse gray iron 6raphite\ 
andpearhte 


Medium gray iron Graphite^ 
pearhte and fernfe 


Open gray iron Orgphite and fernfe 


50 L 


Fio. 110. — Relation between structure, section size, and properties of cast Iron. 
{Sympoeium on Cast /ron^“*> after Bolton and Bomstein ) » 
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illustrated in Fig. 110, taken from the Symposium on Cast 
Iron,^®®^^ where the effect of change in structure is emphasized. 

117. The Casting Skin. — Since the properties of the interior 
of a gray-iron casting are poorer toward the center, the relative 
properties of a machined and an unmachmed test bar will depend 
on the mold surface and on the way the particular iron behaves 
at different cooling rates. That Meyersberg^s^^^^) findings about 
the small effect of removing the skin on modulus of rupture 


Table 71 — Irons Studied by Heller and Jungbluth^’^*^ 


Iron 

Composition, per cent 

Tensile strength, 
lb per sq in 

C 

Si 

Mn 

S 

P 

A 

3 29 

1 22 

0 50 

0 11 

0 38 

38,000 

B 

3 28 

1 79 

0 49 

0 10 

0 35 

33,000 

C 

3 70 

1 72 

0 33 

0 10. 

0 11 

22,000 

D 

3 23 

1 60 

0 68 

0 10 

0 44 

35,500 

E 

3 24 

1 28 

1 02 

0 10 

0 25 

45,000 

F 

3 22 

1 50 

0 84 

0 10 

0 18 

39,500 

fi 

3 17 

2 44 

0 67 

0 09 

0 15 

32,000 

H 

3 43 

2 43 

0 89 

0 07 

0 09 

25,000 

J 

3 66 

1 95 

0 65 

0 095 

0 077 

24,000 

K 

3 20 

1 49 

0 51 

0 12 

0 24 

43,000 

L 

3 49 

1 87 

1 08 

0 10 

0 25 

32,500 

M 

3 78 

2 19 

0 52 

0 07 

0 07 

16,000 

N 

3 18 

1 45. 

0 85 

0 09 

0 13 

41,000 

0 

3 54 j 

2 09 

0 44 

0 09 

0 07 

27,500 


(see page 290) will not hold for the comparison of specimens 
from the edge and the center of a large section of iron susceptible 
to the size effect is clear from the above discussion. The proper- 
ties of the very outer skin of a casting may also vary from those 
of the underlying metal. Diepschlag^®®^^ found that the surface 
of gray iron is lower in carbon and higher in silicon and sulphur 
than the core. The results of individual tests varied somewhat, 
and his data hardly serve to give general quantitative figures 
for loss of carbon by oxidation and for separation of other ele- 
ments, but they substantiate Diepschlag's statement that the 
skin does not have the normal composition of gray iron.* 

* According to MacKcnasic (pnvate communication ), this depends largely 
on the mold faemg. 
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Krynitsky and Harrison^®^®^ studied this matter in particular 
relation to the blistering of cast iron on enameling and found that 
the carbon was lower at the surface, the sulphur slightly higher, 
while the silicon (contrary to Diepschlag^s results) was somewhat 
lower. They noted an increase in combined carbon at the 
surface, and the '^microchilled'^ layer was considered to be 
responsible for blistering. The surface was also found apprecia- 
bly higher in nitrogen than the interior. For most uses of cast 
iron the variation in composition and properties at the surface 
is without effect, but in cases like enameling the variation may 
be of prime importance. 

Comparisons of transverse bars cast in 0,875-, 1.20-, and 
2.0-in. diameters, of 0.505-, 0.80-, and 1.25-in. diameter tensile 
specimens machined from them, and of separately cast tensile 
specimens 1.10 and 1.80 in. in diameter, are contained in a 
recent report of the A.S.T.M. Special Subcommittee on Test 
Bars This covers both plain and alloy cast irons but does 
not complete the Subcommittee's program, which will probably 
lead to some alterations in the recommendations for the prepara- 
tion of test bars and to revisions in the thickness of sections to be 
represented by test bars of various sizes. The effect of size is 
brought out in the tables given in the report. One high-strength 
iron (a steel mixture without an alloy, composition not stated) 
gave 54,000 lb. per sq. in. tensile strength on the 0.505-in. 
diameter bar machined from an 0.875-in. diameter transverse 
bar, and 38,000 on the 1.25-in. diameter bar machined from a 
2-in diameter transverse bar. An iron of 3.58 per cent total 
carbon, 2 23 per cent silicon, 0.083 per cent sulphur, 0.46 per cent 
phosphorus, and 0.58 per cent manganese gave 30,000 and 17,- 
000 lb, per sq. in. tensile strength in the two sizes mentioned 
above. 

118. Centrifugally Cast Iron : The Sand-mold Process. — Cast 
iron is, of course, normally poured into green-sand molds, often 
with dry-sand cores. Most of the published information on the 
effects of composition, size of section, superheating, and other 
variables discussed in the previous pages refers to the rate of 
cooling obtained in a sand mold. 

Since cast iron is a suitable material for water mains and the 
like, and as a large tonnage af cast-iron pipe is produced, such 
symmetrical cylindrical objects can be economically cast centrif- 
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ugally into rotating molds. A specialized industry for the 
centrifugal casting of iron pipe has therefore arisen. Some 
application is also being made of this process in the production of 
cylinder liners for internal-combustion engines, for locomotive 
piston- valve liners, and for brake drums. 

There are two main processes for centrifugal casting. The 
first is the sand-mold process, described in detail by Mac- 
Kenzie;^2^T> the other is the metal-mold or deLavaud process, 
described by Capron.^^®^ Since these two descriptive papers 
were published in 1927, a fairly extensive literature on the 
manufacture of centrifugally cast iron has grown up. Most of 
this literature deals with plant installations and with improve- 
ments in equipment and technique. Some of the recent improve- 
ments (as an example may be cited the use of a thin refractory 
inner lining in the metal-mold process, noted briefly below) 
have had a marked effect on the properties of the centrifugally 
cast pipe, but, unfortunately, extensive data are as yet unpub- 
lished. Therefore, as most of the published literature dealing 
with properties of centrifugally cast pipe does not represent the 
recent iniprovements in the process, the discussion below is 
restricted chiefly to a brief outline of the details of manufacture. 

The sand-mold process consists basically of pouring molten 
iron of carefully controlled composition into a slowly rotating 
green-sand mold which is inclined at an angle to the horizontal. 
As the pouring continues, the mold is slowly lowered to the 
horizontal, and shortly before or just at the time it reaches this 
position, when all of the metal has been poured into the mold, 
the speed of rotation is suddenly accelerated to that required 
for the specific diameter and wall thickness of the pipe. Rotation 
is continued until solidification is complete, after which the mold 
is stripped from the pipe and the latter cleaned, inspected, coated, 
and tested. 

According to MacKenzie,^2i7) gand-cast centrifugal pipe has an 
unusually good surface, free from defects and blemishes, and a 
smooth defect-free inner wall. Pipe cast by this process is 
uniform in section and in microstructure and is free from strains. 

The fracture of the iron shows an extraordinarily clean, fine, and even 
grain. The slow cooling from outside surface to inside surface, while 
under the high pressure of centrifugal force, brings to the inside surface 
all fol*eign particles such as sand, blacking, or slag, and there is con- 
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siderable migration of manganese sulphide ija the same way. Oxides 
or silicates of iron and manganese are also forced out. 

Adding a little soda ash to the molten metal in the ladle produces 
a small amount of liquid slag which carries the above mentioned 
impurities with it to the inside wall of the solidified pipe, from 
which it is readily removed. 

Microscopically, the iron cast by this method is, as in pipe cast 
in stationary sand molds, predominantly pearhtic. Combined 
carbon averages 0.75 per cent, silicon 1.6 per cent, and total 
carbon 3.5 per cent. The graphite particles, upon which the 
properties depend to a considerable degree, are in the form of 
fine whorls which grow slightly larger near the inner wall. 
MacKenzie quoted test data obtained by Talbot and Richart^^®^^ 
which indicate that pipe centrifugally cast by the sand-mold 
process has markedly better properties by a variety of tests than 
the corresponding pipe cast in stationary sand molds. Pipe cast 
by this process has, according to MacKenzie, the advantage of 
evenness and soundness of section together with the true gray- 
iron structure, resilience, machmability, and corrosion resistance 
of pipe cast in stationary sand molds. 

119. Centrifugally Cast Iron: The Metal-mold Process. — In 
the metal-mold process, iron of carefully controlled composi- 
tion is cast into a rotating water-cooled steel mold inclined at a 
slight angle to the horizontal. Pouring takes less than a minute, 
solidification is complete in a few minutes more, and the pipe is 
immediately withdrawn from the mold. The time for casting 
and solidification is so short that only a slight surface chill and 
minor casting strains result. These are removed by an immedi- 
ate annealing just below the critical temperature. As cast by 
this process, the section is uniform, the graphite particles are 
small and well distributed, and the strength is high. One of the 
great advantages of the metal-mold process — which is true for 
other centrifugal processes as well — is the reduction in cost. The 
metal-mold process is the oldest ppcess for the centrifugal casting 
of ferrous products, having been used on a commercial scale since 
1922. 

In order to decrease tlie depth of chill and produce pipe with 
a pearlitic gray-iron body a^d an outer surface only slighlly 
chilled, actual contact of the casting with the metal mold is 
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avoided by blowing in a. very thin coating of dry, finely pulverized 
material which is held by the centrifugal action of the rotating 
mold in a film about 0.001 in. thick. The film may be an inert 
material like kaolin, or it may be one like pulverized ferrosilicon 
which, if fused into the periphery, will provide added silicon at 
that point to reduce the chilling effect (U. S. Patent 1,954,892, 
April 17, 1934). By this means it is said that in irons of 3 5 to 
3.7 per cent total carbon, 1.7 to 2.2 per cent silicon, about 0 7 per 
cent phosphorus, and normal manganese and sulphur contents 
the periphery is made to contain less than 0 2 per cent combined 
carbon although it is practically free from coarse graphite, 
while the body of the pipe will contain 0.3 to 0 5 per cent com- 
bined carbon. Annealing is still carried on, but at a lower 
temperature and for a longer time than with metal-mold pipe 
cast without the facing. Pipe made with the facing has much 
better impact resistance than that made without it. The 
graphite in such castings and even in those not subsequently 
annealed may approach the ^Hemper^’ form. 

Most of the published information on “metal-contact^^ (de- 
Lavaud type) pipe refers to material which has been annealed 
to break down some of the original combined carbon Examples 
of this type of pipe, after annealing, are shown by Talbot and 
Richart^^®^^ to contain 3.5 to 3.6 per cent total carbon, about 
0.1 per cent combined carbon, 1 65 to 2 per cent silicon, 0 8 per 
cent phosphorus, and normal manganese and sulphur. 

Main^®^^^ has discussed the structures which accompany 
acceptable performance in centrifugally cast automobile brake 
drums. Cast iron alloyed with nickel, with nickel and chro- 
mium, or with molybdenum has been used more than ordinary 
cast iron. 

Hurst^^®^’^*''*^^^ described what he calls “spun sorbitic’^ cast 
iron, a low total-carbon, low-silicon iron which would normally 
cool with a pearlitic structure. By playing an air blast on 
the inner surface of the cooling centrifugal casting the metal 
may be given a somewhat sorbitic structure, said to be highly 
wear resistant. 

Several publications^ deal with the possible segrega- 

tion in centrifugal cast iron during freezing. That manganese 
sulphide tends to accumulate toward the inside of the casting 
is evidence that it is not verv soluble in molten cast iron. 
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No very marked segregation of other elements has been 
noted. 


Annealing temperature, deg F 
400 600 800 1000 1200 1400 1600 1800 



Annealing temperature, deg C 


Fkj 111 — Relation between annealing temperature and Brinell hardness 
of centnfugally cast pipe, annealed 4 hr Wall thickness 5 mm (0 2 in ) (von 
Schwarz and Vdth 


Annealing temperature, deg F 
400 600 800 1000 1200 1400 1600 1800 



Fig. 112 — Relation between annealii^ temperature and combined carbon 
of centnfugally cast pipe, annealed 4 hr Wall thickness 5 mm. (0.2 in ). (von 
Schwarz and Vtith (^^*0 

Pardun^^^^^ mentioned a 3(Kmin. anneal at 850 to 9(K)®C. 
(1560 to 1650°F.) ‘as suitable for annealing metal-mold cast pipe. 
Von Schwarz and Vath^s^^^^^ Figs. Ill and 112 show the effect 
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of the annealing process on hardness and on the amount of com- 
bined carbon. 

120. Iron Cast in Permanent Molds. — The problem of casting 
gray iron into permanent metal molds or metal molds lined with a 
thin refractory layer to reduce the chilling effect is quite similar 
to that of centrifugal casting. A soft iron which does not chill 
readily is required, and in some cases, especially if high machining 
rates are used, a short anneal is necessary to break down the 
chilled layer if one is formed. The speed of cooling, especially 
in castings of small section, which is dependent upon the 
pouring temperature, mold temperature, and the mass and 
thermal diffusivity of the mold, must be very accurately 
controlled 

Very material improvement in strength, without prohibitive 
decrease in machinability, results from the fine grain and the 
small evenly distributed graphite fiakes produced by the rapid 
cooling. Another advantage of the process is that the castings 
have a clean, sand-free surface. Casting gray iron in permanent 
molds has been described repeatedly.* 

121. Mechanical Properties of White and Chilled Cast Irons. — 
The manufacture of white iron and the method of chilling gray 
iron to produce a hard surface on those parts of the casting 
requiring it have been described briefly in the previous chapter 
(page 272) As noted there, white cast irons are not readily 
classified on the basis of properties as the structure and its 
accompanying properties may vary widely from casting to 
casting and from one section to another in the same casting. 
There are consequently few data available on the mechanical 
properties of white and chilled irons. Most of these have been 
summarized in the recent Symposium^ 2 ) from which Table 72 is 
taken. 

Within certain limits, the hardness and brittleness of white 
cast iron may be controlled by regulating the carbon content; as 
the carbon increases, hardness and brittleness both increase. 
According to results re{)orted in the Symposium on Cast Iron,^®®^) 
the scleroscope hardness of a white iron containing 3.10 per cent 
carbon was 63; it increased to 75 for a carbon content of 3.90 per 
cent. 

* Far articles on the subject, see bibliography, reference Nos. 43, 50, 52, 
185, 190, 196, 236, 266, 286, 364, 386, 618, and 669. 
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whose work on the effect of variations in carbon, and 
on the effect of temperature and time of heating before pouring, 
on depth of chill was reviewed on page 272, also determined the 
effect of carbon on the scleroscope hardness of chilled iron. 
As the carbon increased from 2.5 to 4.1 per cent the scleroscope 
hardness increased linearly from 55 to 82; the depth of chill also 


Table 72 — Typical Results op Tests on Chilled Plain Irons* 


Composition and property 

Iron 

High carbon 

Low carbon 

Total carbon, per cent 

3 50 

2 75 

Silicon, per cent 

0 75 

0 75 

Bnnell-hardness number of chilled surface 

500 

400 

Tensile strength in chilled section, lb per sq in 

35,000 to 
40,000t 

48,000 to 
53,000t 

Tensile strength in gray core, lb per sq m 

16,000 to 
25,000 

22,000 to 
39,000 


* Symposium on Cast Iron (“ 2 ) 
t Calculated from transverse tests 

t Test pieces ground from chilled blocks 0 800 in in diameter, A S T M standard 


decreased almost linearly from about 70 mm. (2 756 in.) to about 
10 mm. (0.394 in ) in specimens 130 X 40 mm. (5.12 X 1.41 in.) 
in cross-section and 150 mm (5.91 in ) long. 

E. THE HEAT TREATMENT OF GRAY IRON 

Heat treatment -as applied to cast iron may be divided into: 

(а) annealing at low temperatures to relieve casting strains, 

(б) annealing at higher temperatures to decrease hardness and 
increase machinability, and (c) quenching or quenching followed 
by tempering. The third treatment has not been used exten- 
sively; whether the strength can be appreciably increased by 
quenching and tempering depends upon the amount of pearlite 
in the as-cast material. 

The heat treatment of cast ifon has been competently dis- 
cussed in a recent paper by Coyle. A review of the literature 
on the heat treatment of gray iron, dealing with papers published 
to and including 1930, was prepared by Heller a more recent 
summary of work reported to 1934 was published by Bolton. 
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122. Low-temperature Annealing. — Internal stresses resulting 
from casting may be removed by heating to temperatures within 
the range 425 to 510®C. (800 to 950°F.), holding at temperature 
for from 30 min. to 5 hr. (depending on the section), and cooling 
slowly in the furnace. ^^2) ^phis treatment, which is popularly 
called aging, normalizing,^^ or ^'mild annealing,^’ has almost 
no influence on the mechanical properties of the iron and does not 

decrease the amount of com- 
bined carbon. 

Some data obtained by Walls 
and Hartwelb^ 26 ) useful in 
showing the influence of differ- 
ent annealing temperatures on 
the relief of internal stresses 
and on the hardness of the 
castings. Castings, of the 
shape shown in Fig 113, made 
from a cylinder iron, were 
heated to different tempera- 
tures for periods of 1 and 3 hr,, 
after which the growth was 
determined by measuring one 
dimension. One end of each 
of the thin parts was then 
severed from the vertical part 
and the expansion measured, the expansion as a first approxima- 
tion being considered as proportional to the internal stress. 
The data given in Table 73 show that for annealing tempera- 
tures of 565°C. (1050®F.) or less (at which there was a considerable 
decrease in expansion indicating stress release) the hardness did 
not decrease, and that annealing at 620°C. (1150°F.) lowered 
the Brinell hardness by 7 points in 1 hr. and 17 points in 3 hr. 
Several articles by Donaldson^^^^-^'^'^ss; qu low-temperature 
annealing relate both to stress release and to growth. 

123. High-temperature Annealing. — Gray-iron castings may 
be annealed at comparatively high temperatures in order to 
soften the entire casting or to soften edges and corners of thin 
sections which are mottled and, therefore, difficult to machine. 
As the temperature is increased above that used for eliminating 
casting strains, annealing not only decreases hardness and 



Fig 113 — Design of casting for the 
measurement of the relief of internal 
stresses upon annealing at low tempera- 
tures {Walls and Hartwell 
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strength but decreases the amount of combined carbon, and with 
sufficient time at certain temperatures all of the combined carbon 
may be converted into graphite. The amount of softening and 
the amount of combined carbon decomposed are dependent on 
the composition of the iron, the softening becoming more rapid 
as the carbon and silicon contents increase, because these ele- 
ments promote graphitization. Too long a time and too high a 
temperature, especially under ordinary conditions, greatly 
deteriorate the physical properties. Thus gray iron given a 
malleable’^ anneal is devoid of any usable strength. 


Table 73 — Influence of Low-temperature Annealing Treatments on 
Properties of Gray-iron Castings* 


Heating 

Average 

growth, 

in 

Average 

expansion, 

in 

Brinell hardness 

Temperature 

Time, 

hr 

"C 


Original 

Final 

As cast 



0 0315 

179 


As cast 



0 0290 

187 


400 

750 

3 

0 0002 

0 0238 

179 

179 

400 

750 

1 

0 0006 

0 0228 

179 

179 

455 

850 

3 

0 0012 

0 0136 

179 

179 

455 

850 

1 

0 0012 

0 0144 

179 

179 

510 

950 

3 

0 0010 

0 0061 

183 

183 

510 

950 

1 

0 0017 

0 0086 

179 

179 

565 

1050 

3 

0 005 

0 0023 

187 

183 

565 

1050 

1 

0 0021 

0 0024 

179 

179 

620 

1150 

3 

0 0130 

0 0008 

183 

166 

620 

1150 

1 

0 0043 

0 0004 

179 

172 


♦ Walls and Hartwell 


Roth(233) heated samples of cast iron containing 3.52 per cent 
total carbon, 0.50 per cent combined carbon, 1.75 per cent silicon, 
0.75 per cent manganese, 0.05 per cent sulphur, and 0.40 per cent 
phosphorus to different temperatures for periods of from 30 min. 
to 3 hr. and cooled them in air. ^His results (see page 338), for 
heating for 3-hr periods at different temperatures, show that the 
combined-carbon content decreased materially on annealing at a 
temperature as low as 650®Q^ (1200®F.), and that at 760®C. 
(1400®F.) almost all of the carbon was graphitized. At annealing 
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temperatures above 760°C. (1400°F.) the amount of combined 
carbon is dependent on the rate at which the material is cooled, 
because at the annealing temperature part of the carbon is in 
solution in austenite. 


Annealing temperature 

Combined carbon, 
per cent 


op 

Unannealed 

0 50 

650 

1200 

0 15 

705 

1300 

0 10 

760 

1400 

0 06 

815 

1500 

0 13 

870 

1600 

0 21 

925 

1700 

0 23 


Figure 114 from Harper and MacPherran^®^^ shows the influence 
of different annealing temperatures on an iron containing 1 44 per 
cent silicon. Specimens were heated to the indicated tempera- 
tures, held at temperature for 1 hr , and then cooled in the 
furnace. Transverse tests were made on 1 X 2-in. rectangular 
bars broken on a 24-in. span. No decided change in proper- 
ties occurred until the annealing temperature reached 675®C 
(1250°F.) Annealing at temperatures of 675°C (1250°F ) 

and above greatly decreased both strength and hardness. 

124. Quenching and Tempering. — A gray cast iron which con- 
sists essentially of a ferritic matrix in which large interlocking 
flakes of graphite are embedded cannot be materially improved 
by quenching or quenching and tempering. If, however, the 
matrix contains considerable pearlite, or preferably if it is wholly 
pearlitic, and especially if the graphite flakes are small, well 
distributed, and do not interlock, it can be hardened by quench- 
ing from above the critical range just as steel can be hardened 
by quenching from the austenite field. Very few castings are 
quenched because: (a) the properties of the as-cast material 
are usually satisfactory for the specific application, (i>) there is 
considerable danger that the castings may break when quenched 
into a liquid, (c) the strength of many gray irons cannot be 
appreciably increased by any quenching and tempering treat- 
ment, and (d) quenching and tempering is a relatively expensive 
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Annealinq temperature, deg. C 



1 44 per cent silicon {Harper and MacPherran 



Fig. 116. — Effect of silicon on the critidal ranges of cast iron containing 3.3 per 
cent carbon (Coyle 


Brtneii hardness 
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operation. In cases where a hard (and presumably wear-resist- 
ant) material is required and low strength can be tolerated, iron is 
used as quenched but not tempered. In other cases, special 
irons are quenched and tempered in order to increase strength. 

If gray iron is to be hardened by quenching, it should be 
quenched from above the upper critical temperature. As Fig. 
115 from Coyle^^^^^ shows, the critical temperatures of cast iron 


Tempering temperature, deg C. 

100 200 300 400 500 600 



Fig 116 — Effect of tempering temperature on the hardness and tensile strength 
of quenched gray cast iron. {Symposium on Cast Iron (*^**>) 

increase as the silicon content increases. The figure is for iron 
containing between 0.55 and 0.90 per cent combined carbon. 
Coyle pointed out that the transformation temperatures are 
indistinct; those given in the figure are for the ends of the 
transformation ranges as shown by thermal curves. * 

In determining the influence of quenching on the tensile 
strength of a cylinder iron. Walls and Hartwelh^^^^ used an iron 
which fell within the following composition ranges : 


Element 
Total carbon 
Combined carbon 
Silicon 
Manganese 
Sulphur 
Phosphorus 


Percentage 
3 30 to 3 35 
0 52 to 0 55 
2 27 to 2 33 
0 70 to 0 75 
0 081 to 0 087 
0 202 to 0 210 


* See ‘^The Alloys of Iron and Silicon for complete information on 
transformation temperatures. 
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Two tensile specimens were cast in each flask, one of which was 
heat treated, while the other was tested as cast. Samples 
were quenched from different temperatures, but all of those 
quenched were tempered at 205°C. (400®F.). The results of the 
tests are given in Table 74, which indicates that by quenching 
from temperatures between 815 and 845^0. (1500 and 1550°F.) 


Table 74 — Influence of Quenching on the Tensile Strength and 
Hardness of Gray Cast Iron* 


Quenching 
temperature t 

Tensile strength, 
lb per sq m 

Brinell hardness of 
hardened material 

°C 

op 

Original 

Hardened 

650 

1200 

28,900 

31,750 

143 

137 

705 

1300 

33,700 

30,500 

137 

140 

705 

1300 

34,200 

30,750 

137 

143 

760 

1400 

34,200 

31,750 

137 

137 

760 

1400 

32,000 

32,750 

146 

137 

790 

1450 

30,100 

49,500 

197 

341 

790 

1450 

33,100 

26,500 

207 

321 

805 

1480 

32,200 

28,500 

388 

341 

805 

1480 

30,200 

31,000 

388 

429 

815 

1500 

31,600 

42,500 

286 

444 

815 

1500 

40,400 

58,000 

302 

429 

830 

1525 

36,000 

40,000 

444 

444 

830 ! 

1525 

32,500 

38,500 

401 

415 

845 

1550 

33,300 

36,000 

415 

415 

845 

1550 

27,700 

42,250 

388 

388 

940 

1720 

28,000 

19,000 

444 

444 

940 

1720 

34,300 

35,000 

429 

415 

980 

1800 

36,000 

4,500 

477 

477 

980 

* 1800 

36,800 

10,000 

477 

477 


* Walls and Hartwell ^^ 2 ®) 

t Bars held at the indicated temperatures for 30 mm , quenched in water, and then tem- 
pered for 1 hr at 206°C (400°F ) 


the tensile strength was increased by amounts ranging from 3000 
to 18,000 lb. per sq. in. It may be well to note that there is 
considerable variation in the strength of specimens given identical 
or almost identical heat treatments. 

Figure 116, from the Symposium on Cast Iron,^^®^) serves to 
indicate how the- hardness ap^d strength of quenched cast iron 
vary with temperiug temperature. 
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F. AUTHOR’S SUMMARY 

1. The most common method of judging the quality of gray 
cast iron is by the data obtained in the transverse test and the 
tensile test. In the former, the deflection of the center of a 
standard bar, tested on a definite span, and the load required to 
break the bar are measured. By many, the transverse test is 
considered as the simplest means of obtaining information on 
strength, flexibility, toughness, damping capacity, plastic 
deformation, surface condition, and machinability. Because of 
the deviation from Hooke’s law there is no simple relation 
between transverse strength and tensile strength; as tensile 
strength increases, however, the ratio of modulus of rupture to 
tensile strength tends to decrease. Stress-strain curves for gray 
cast iron are usually curved from the origin; hence, cast iron has 
no true modulus of elasticity. The value for the effective 
modulus varies with the size and distribution of graphite from 
about 12 million lb. per sq. in. to as much as 22 million lb. per 
sq in, for high-strength cast iron. Malleable cast iron has a 
modulus of about 25 million lb. per sq. in., and white iron which 
contains no graphite, a modulus as high as 28 million. Elastic 
constants are discussed in Chapter XV. 

2. One of the most valuable engineering properties of cast 
iron is its high compressive strength which is several times its 
tensile strength. The ratio varies from about 3 to 1 for high- 
tensile cast iron to about 4 to 1 for low-strength material. 

3. Another marked advantage of cast iron as a structural 
material is its relative insensitiveness to the effect of notches 
and other surface imperfections when subjected to repeated 
stress. This notch insensitivity and its relation to fatigue are 
discussed in Chapter XI. Cast iron has a low resistance to 
impact Tests with the usual specimens and machines for 
determining impact resistance of steel are unreliable. The 
available data indicate that it may be possible by means of a 
drop test, when this is carefully standardized, to arrive at an 
impact value which will be a useful index of the relative amounts 
of plastic and elastic deformations which gray cast iron can 
withstand. 

4 In determining the relation between composition and 
properties, most of the grades of cast iron may be considered as 
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having a high-silicoii §teel matrix interspersed with numerous 
particles of graphite. The size and distribution of the graphite 
particles are the most important variables in the relation between 
composition and mechanical properties; in general, the more 
finely disseminated the particles the higher the strength. If 
the particles of graphite are small and highly dispersed, the 
strength may be increased by increasing the amount of combined 
carbon of the matrix until this is entirely pearlitic. High- 
strength cast iron then consists of a matrix containing more or 
less pearlite and small well-distributed particles of graphite. 

5. The relation between the percentages of carbon and silicon 
and the structure for castings of test-bar size, sand cast at normal 
temperature from commercial irons, has been plotted by Maurer 
in the form of a diagram. Later work by Maurer and associates 
and by other investigators has modified the diagram to show the 
effect of section size and of different cooling rates. These dia- 
grams are only approximations but are of value in indicating the 
percentages of carbon and silicon which will, under controlled 
casting conditions, result in an iron with a fracture that is gray 
(ferritic or pearlitic), mottled, white, or a mixture of gray and 
mottled, or mottled and white 

6 If other variables are constant, the strength and hardness 
of gray cast iron increase as the percentages of carbon and silicon 
decrease. In most commercial cast irons, varying the amounts of 
manganese, sulphur, and phosphorus within the ranges usually 
present has little or no effect on the strength. 

7. The work of a large number of investigators has shown 
that, in general, superheating, ix., heating molten iron con- 
siderably above the usual casting temperature, decreases the 
size of the graphite flakes and increases the amount of combined 
carbon. By controlling the carbon and silicon percentages and 
the temperature and time of superheating it is possible to produce 
high-strength cast iron by this method. 

8. High-strength cast iron may also be produced by ladle 
additions of calcium silicide, ferpsilicon, or other silicon alloy 
to a low-carbon (2.0 to 3.0 per cent) iron. The composition of 
the original charge is adjusted, frequently by the addition of a 
large proportion of steel scrap, so that, as poured, the fracture 
of the casting would be mottled, or partly pearlitic and partly 
mottled, or in some cases even white. An addition of calcium 
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silicide, ferrosilicon, or other graphitizer, made to the molten 
metal before the castings are poured, results in precipitation of 
graphite in finely divided particles; tensile strengths as high 
as 55,000 or even 60,000 lb. per sq. in. are attained. 

9. The present explanation for the production of finely 
dispersed graphite which is accompanied by high strength — which 
has supplanted the earlier .graphite-nuclei theory — ^is that non- 
metallic inclusions or tiny gas bubbles already present in the iron, 
or released as the metal freezes, are the nuclei involved in the 
precipitation of fine graphite particles. The mechanism of 
controlling the size of the graphite particles by controlling these 
nuclei is as readily explainable as is the control of grain size in 
steel by submicroscopic nuclei. 

10. The mechanical properties of gray cast iron are affected 
by pouring temperature. The effect of this variable depends 
upon the composition of the iron, being more pronounced in 
low-carbon irons than in high-carbon materials. The size of the 
section has a marked effect on the mechanical properties of the 
casting. The available data indicate that, as the section size 
increases, the combined carbon is unaffected, but the size of the 
graphite particles increases and the strength decreases. The 
effect of section size is less pronounced with the stronger irons. 
Thus, if the tensile strength of a soft iron (25,000 lb. per sq in.) 
is taken as 100 per cent for 1 2-in diameter bars, the tensile 
strength of a 3-in. diameter bar will be approximately 55 per cent 
of this If the tensile strength of a machinery iron (35,000 lb. 
per sq. in.) is taken as 100 per cent for 1.2-in. diameter bars, the 
tensile strength of a 3-in. diameter bar will be approximately 
60 per cent of this. The exponential nature of the section, 
sensitivity has been established by Heller and Jungbluth. 

11. The composition and properties of the outer skin of cast 
iron differ from those of the surface after the skin has been 
removed. This variation in composition and in properties 
depends upon the mold surface and upon the way in which the 
particular iron is affected by different cooling rates. For most 
commercial applications the variation of composition and of prop- 
erties of the skin is of little moment; in some cases, as for exam- 
ple in iron to be enameled, the variation is of prime importance. 

12. Water pipe and other similar cylindrical objects are now 
centrifugally cast in rotating molds in large tonnages. There 
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are two main processes: the sand-mold process and the metal- 
mold process. The product of the former resembles in many 
of its characteristics the pipe formerly cast in stationary sand 
molds with the added advantage of evenness and soundness of 
section, improved structure and properties, and reduced cost 
In the metal-mold process, the resulting pipe also has uniform 
wall thickness and is sound and has improved structure and 
properties. The surface chilling formerly characteristic of the 
metal-mold process is now avoided by applying a thin refractory 
coating to the inside wall of the metal mold. Improvement in 
structure and properties of gray cast iron without prohibitive 
decrease in machinability may also be attained by modern meth- 
ods of casting in permanent metal molds. 

13 The heat treatment of cast iron may be divided into: (a) 
low-temperature annealing to relieve casting strains, (h) high- 
temperature annealing to decrease hardness and improve 
machinability, and (c) quenching or quenching and tempering 
Internal stresses resulting from casting are removed by heating 
within the range of 425 to 510°C. (800 to 950®F.), holding at 
temperature for 30 min. to 5 hr. (depending on the section), and 
cooling slowly. This treatment has practically no effect on the 
mechanical properties and does not decrease the amount of com- 
bined carbon. High-temperature annealing — 600®C. (1110°F ) 
or above — ^is used to soften chilled edges, corners, or thin sections, 
or the whole casting, to improve machinability. As the tempera- 
ture is increased above that necessary to relieve stresses, the 
hardness and strength decrease; the amount of combined carbon 
also decreases. The degree of softening and the amount of 
graphitization which take place at a definite temperature increase 
as the percentages of carbon and silicon increase. Too high a 
temperature and too long a time may cause marked deterioration 
of the properties. Quenching or quenching and tempering is 
occasionally used to increase the hardness and wear resistance. 
Cast irons with a ferritic matrix and coarse interlocking flakes of 
graphite do not harden satisfactorily; if the graphite flakes are 
small and well distributed and the matrix is pearlitic gray iron, 
castings respond to heat treatment in much the same way as 
carbon steel of the same carbon content. Quenching and temper- 
ing at 400 to 540*^C. (750 to.JlOOO^F.) may result in an imprdV^e- 
ment of tensile strength of 20 to 50 per cent. 



CHAPTER X 


MALLEABLE CAST IRON 

White-heart and Black-heart Malleahle Irons — Mechanical Properties 
'■ Malleahle Iron — The Graphitizing Cycle for Black-heart Malleahle 
^on — Authors Summary 

here are many industrial applications for castings for which 
strength, good ductility, and easy machinability coupled 
with economy of manufacture are important considerations 
For the requirements in this field malleable iron* is preeminently 
suited. It is stronger and much more ductile than ordinary gray 
iron, it machines more easily than any other commercial ferrous 
material, and it is more readily and more economically cast into 
small intricate shapes than carbon steel Because of these 
advantages malleable castings are widely used for agricultural 
implements, building equipment, electric and industrial power 
equipment, hardware and household appliances, machinery and 
machine tools, pipe fittings, and automotive and railroad equip- 
ment. A few of the many uses for malleable castings have been 
classified in a recent Symposium. ^^^9) Schwartz^^^®^ stated that 
the country's malleable-iron capacity is something over a million 
tons annually, produced by about 150 plants. 

A. WHITE-HEART AND BLACK-HEART MALLEABLE IRONS 

There are two steps in the production of malleable castings. 
In the first, iron of suitable composition is melted and poured into 
a mold to produce a “hard-iron'' casting, one with a white 
fracture throughout its cross-section. 0 In the second step, these 
castings, too hard and brittle to be of any value industrially, 

* The term malleable iron as used in this book and m other monographs 
of this senes refers only to castings poured as white iron and made malleable 
by some form of heat treatment. This footnote is made necessary by the 
fact that a few steel men, especially in England, still use the term to refer 
to wrought iron. This is another example of the unfortunate lack of um- 
formity m metallurgical termmology. 
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are subjected to a heat-treating cycle which converts the castings 
into a soft^ ductile, easily machinable but fairly strong and touygh 
product; the heat treatment decomposes the cementite inta 
ferrite and free car-bon — usually called ^Hemper carbon^^ — ^whicli 
may or may not be oxidized and eliminated completely, depend- 
ing upon the furnace atmosphere during the heat treatment. 
If the carbon is oxidized and completely eliminated, the structure 
consists wholly of ferrite and the fracture is white; the castings 
are then known as white heart If^the cementite is decomposed 
and most of the carbon remains in the casting (the carbon near 
the surface is usually eliminated by oxidation), the structure 
consists of ferrite interspersed with nodules of graphite or 
temper carbon, and the fracture is white at the surface but dark 
in the center portions ; the castings are then known as black heart. 

The practice which produces white-heart castings is used fairly 
widely in Europe (although it is now being supplanted by black- 
heart practice) but probably not at all in the United States. In 
1922 Schwartz^®^^ stated that one American plow manufacturer 
was still producing white-heart malleable iron but he could cite 
none other in this country. Except for the brief summary of the 
characteristics of white-heart malleable castings given below, 
the discussion in this chapter is confined wholly to the production, 
structure, and properties of black-heart malleable iron. 

126. European White-heart Malleable Castings. — In the pro- 
duction of white-heart malleable iron, the^hard white-iron cast- 
ings are annealed in a packing of iron oxide. By heating in this 
packing to 950 to 1000°C. (1740 to 1830°F.), holding at tempera- 
ture for 60 to 80 hr., and cooling in 30 hr., decarburization of 
thin sections is complete. According to Schuz and Stotz,^^^°^ 
irons containing 2.4 to 3.2 per cent carbon and 0.6 to 0.7 pereent 
silicon can be thus decarburized, provided the cross-section is 
less chan 20 mm, (0.79 in.). Castings with carbon contents of 
around 3 per cent are heated to the higher temperatures of the 
range and for the longer times. Sections thicker than 20 mm. 
may not be decarburized at the ^center; the core, therefore, may 
be brittle. German specifications^^^®^ give two classes of white- 
heart eastings — one in which the castings should have a tensile 
strength of 45, 6(^0 lb. per sq, in., a yield strength of 25,000 lb. 
per sq. in., and An elongation of 2 per cent (J = 5 d); the other 
in which the /castings should have corresponding properties 
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of 54,000 lb. per sq. in., 30,000 lb. per sq. in., and 4 per cent 
respectively. 

Schiiz and Stotz indicated that slightly higher elongation 
values than are required by these specifications can be attained, 
but, at best, white-heart malleable is a brittle material. Figure 
117, which shows stress-strain diagrams for European white- 
heart and American black-heart irons, is from their paper. 

In his book on cast iron, which, incidentally, contains a detailed 
discussion of the production of white-heart castings, Hatfield^^^®^ 



Fig 117 — Stress-strain curves of white-heart and black-heart malleable irons 
{SchiLz and Stotz 

gave average properties of European white-heart malleable and, 
for comparison, average properties of American black-heart. 
These are reproduced in Table 75. Recent data given in a 
Symposium^^^®^ and by Schwartz^^®®^ (Table 75) indicate that the 
properties of black-heart malleable as reported by Hatfield are 
much lower than they are now regularly obtained in this country, 
especially the values for ductility as indicated by the percentage 
elongation. 

126. Production of Black-heart Malleable Castings. — White- 
iron castings to be malleablized by the black-heart process are 
poured from a charge of malleable pig iron (see page 262, for 
composition), white-iron sprues from previous heats, n^alleable- 
Iron^^crap, and steel ^crap. In a large majority of plants the 
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metal is melted in air furnaces, usually two heats of 8 to 24 tons 
each per day. Cupola melting is also used but is not recom- 
mended for the production of high-grade castings. Small open- 
hearth furnaces of 10 to 20 tons capacity, and electric furnaces 
of 5 to 8 tons capacity are also used to a limited extent. The 
melting practice for the production of castings to be malleablized 
has been described in so many elementary textbooks on metal- 
lurgy that further discussion here is unnecessary. A full descrip- 
tion, including extended comments on the various furnaces used 
and the advantages and disadvantages of each type, is given by 
Schwartz^^^^ in his book on malleable cast iron. 


Table 75 — Average Mechanical Properties of White-heart and 
Black-heart Malleable Castings 


! 

Property 

Hatfleld<“»> 

Sympo- 

sium^'**®^ 

Schwartz 

European 

white 

heart 



American 

black 

heart 

. z 

American 

black 

heart'*' 

American 
black 
heart t 

Tensile strength, lb per 

42,600 to 

35 , 800 to 

50,000 to 

54,000 

sq m 

65,000 

58,200 

59,000 


Yield strength, lb per sq 

26,800 to 

22,400 to 

34,000 to 

36,000 

m 

40,300 

44,800 

40,000 


Elongation in 2 in., per 





cent 

2 to 6 

4 5 to 15 

10 to 30 

18 

Reduction of area, per 





cent 

2 to 6 

4 5 to 15 




* Values m this column are the properties determined in approximately 99 per cent of 
6000 tests 

t Average properties of 20,000 heats 


The composition of the charge from which white-iron castings 
are poured varies widely according to the melting process used, 
the size of the castings, and the properties desired after mal- 
leablizing. For air-furnace practice, th^ average composition, 
according to a Symposium, ^^^9) ^nd the average losses in melting, 
according to Schwartz, are as shown in the table on page 360. 

In determining the composition of the white-iron castings and 
of the furnace charge from which they are poured, several con- 
flicting factors must be considered First and most important: 
the iron must be graphite free after solidification in the mold. 


360 


THE ALLOYS OF IRON AND CARBON 


but for economical production the iron carbide must dissociate 
into ferrite and nodular graphite when the castings are heated to 
a reasonable temperature for a reasonable time. The lower the 
temper carbon the greater are the strength and ductility (con- 
trary to carbon steel the percentage elongation in malleable cast- 
ings increases as the tensile strength increases), but decreasing the 
carbon increases the foundry difficulties. 


Element 

Composition 
of charge, 
per cent 

Loss in 
melting, 
per cent 

Carbon 

2 50 to 3 00 

15 8 

Silicon 

1 20 to 1 30 

31 4 

Manganese 

0 55 to 0 65 

48 1 

Phosphorus 

0 18 or less 

None 

Sulphur 

0 065 or less 

22 2 (gam) 


Schwartz^ summed up the question of composition by stating 
that the carbon may run from 2.0 to 2.2 per cent where strength 
and ductility are major considerations, from 2 3 to 2.6 per cent 
for a fair combination of all desired properties, and from 2.8 to 
3.0 per cent where prevention of foundry difficulties is a major 
item. The low-carbon irons will contain around 1 per cent 
silicon, the intermediate 0 8 to 0.9 per cent, and the higher carbon 
irons around 0.7 per cent. 

Since the final ferrite is practically carbonless, it can hold as 
much as 0.2 per cent phosphorus without becoming embrittled 
(after the normal anneal and no further heating); and since 
malleable iron is not hot worked, sulphur can range from 0.06 to 
0.15 per cent for iron melted in an air furnace, and from 0.15 to 
G.25 per cent in cupola malleable. Manganese should be present 
in amounts not much more than sufficient to combine with the 
sulphur to form manganese sulphide, hence, it is generally under 
0.3 per cent in iron which has been melted in an air furnace, and 
from 0.4 to 0.6 per cent in cupola iron. Manganese tends to 
stabi^^cementite and may thus retard the malleablizing process; 
henc^ any e^^cess above the amount necessary to combine with 
sulphur is kept as small as possible. On the other hand, the 
fbrmatipn of iron sulphide must be avoided as this constituent 
not only also retards the dissociation of cementite but in addition 
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may form harmful intergranular films. Regarding sulphur, 
Schwartz^^89) stated: ''Curiously enough, it has been found that 
it is actually disadvantageous to make metal very low in sulphur 
on account of the difiiculties with regard to the formation of 
graphite during freezing.'^ 

As has been indicated before, the composition must be adjusted 
according to the size of the casting, in other words according to 



Fig. 118 — Relation between the silicon and carbon contents of malleable iron and 
the size of section. {Schwartz^^^'i after Thrasher ) 


the rate at which the metal solidifies. The relation between 
carbon and silicon percentages and the size of the casting is shown 
in Fig. 1 18. Although Schwartz did not explain what is meant by 
heavy and light sections, it may be assumed that ve ry heavy 
se^ions are 1.25 in. thick or over and that very light sections 
are^^ in. or less. To secure sound castings, the minimum 
silicon content should be about^O^O per cent. Since tWs ele- 
ment promotes dissociation of cementite, the higher the per- 
centage, provided of course that premature graphitizaT^jra does 
not take place in freezing, th^ipore readily. 
when annealed 
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Silicon is also of benefit for its strengthening effect. Ferrite 
which contains this element in solution, within the limits met with 
in malleable iron, has higher tensile and yield strengths but no 
lower ductility than pure alpha iron; hence, increasing the silicon 
as much as possible (provided, of course, that not enough is 
present to cause premature graphitization) results in a malleable 
iron with the highest strength for a given carbon content. 
According to curves given by Yensen,^®^^ ferrite containing 0 5 per 
cent silicon has a tensile strength of 42,000 lb. per sq. in and a 
yield strength of 24,000 lb. per sq. in. Increasing the silicon 
to 1.1 per cent increases these values to about 47,000 and 31,000 
respectively. In annealed silicon ferrite, free from phosphorus 
and temper-carbon particles, the elongation for materials of 
0.5 and 1.1 per cent silicon is about 50 per cent and the reduction 
of area about 90 per cent. 

127. Miscellaneous Physical Properties of Black -heart Malle- 
able. — All white cast iron of the composition suitable for mal- 
leablizing shrinks linearly from the pattern size by practically 
the same amount on freezing but, since ccmentite occupies 
a smaller volume than its decomposition products, iron and 
temper carbon, the castings expand on annealing to varying 
degrees depending on the amount of carbon A carbon-content 
v5sus contraction curve published in the malleable-iron Sym- 
posium^^^^ shows that the shrinkage allowance from the pattern 
size for a carbon content of about 3 06 per cent is 1 per cent, and 
for a carbon content of about 2.47 is 1.5 per cent. Between 
these two points the curve is linear. Specific gravity also varies 
with the carbon content^^29) from 7.15 to 7.45 at 20®C. 

For thermal expansion the Symposium reported a value of 
0.000012 per °C. (0.0000066 per ®F.) for the coefficient as suf- 
ficiently accurate in ordinary computations for temperatures up 
to 400°C. (750®F.). The same authority gave the thermal 
conductivity (in cal. per sec. per sq. cm. per °C. per cm.) as 
0.i45 at 50°C., 0.137 at 100°C., and 0.115 at 200®C., stating 
that “the data can be taken only as representing a first approxi- 
mation at the true values, but may be useful lacking better 
knowledge.'' 

Direct calorimetric determinations of mean specific heat of 
malleable iron between room temperature and various higher 
temperatures are as follows 

♦ *^The Alloys of Iron and Silicon,”^*^*^ pp. 78-86. 
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Temperature 
Range, ®C. 
20 to 100 
20 to 200 
20 to 300 
20 to 400 
20 to 500 
20 to 600 
20 to 700 


cal. per g. per 

‘‘C 

0 122 
0 125 
0 128 
0 133 
0 139 
0 146 
0 159 


The specific heat at room temperature, calculated from the 
specific heat of iron and graphite, is 0 1102 cal. per g. per °C. 

The electric resistivity of malleable iron varies with the 
carbon content from about 28 to 37 microhms per cu cm. An 
average of 37 tests^'*^^^ gave a value of 30.5. According to 
Schwartz, the resistivity increases with the temperature, but 
the increase is not linear. Resistivity is doubled at approxi- 
mately 425^C. (795°F.) and tripled at 635°C. (1175^F ). Mag- 
netic properties for various malleable irons are given by the 
Symposium, but as these are not of unusual interest the 
curves are not reproduced here (Further information on 
the foregoing properties is given in Chapters XV and XVI.) 

128. Machining and Welding. — It has been mentioned above 
that one of the outstanding advantages, one which is in a measure 
responsible for the wide use of malleable iron, is its excellent 
machinability. Except for the data by Boston,^^®®^ there is little 
information available. In fact, according to the Symposium, 
‘Hhe machinability of malleable iron cannot be dealt with 
quantitatively since there is no generally accepted test procedure 
or unit of measurement.'' It is, however, generally accepted 
that “as measured by tool life or cutting speed in commercial 
operations, malleable iron machines more readily than any 
other ferrous material." Opinions differ whether variations 
in tensile strength are accompanied by variations in machina- 
bility, but “it may be said that for practical purposes such 
variations are not sufficient to contradict the preceding state- 
ment for any normal grade of malleable iron." This assumes, of 
course, that no pearlite is prese&t. 

The data by Boston^'*^®^ are plotted in Fig. 119, in which 
the materials studied are arranged in the order of ease of planing. 
The cast iron, in the form^of 1-in. sq. bars 12 in, long, -and 
the malleable iron, in li^-in. so. sections, had the following 
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Percentage 

Element 

Gray cast 

Malleable 


iron 

iron 

Total carbon 

3 53 

2 19 

Combined carbon 

0 53 


Graphite 

3 00 

2 17 

Silicon 


0 87 

Manganese 


0 26 

Phosphorus 


0 15 

Sulphur 


0 09 


It will be noted from Fig. 119 that the materials do not neces- 
sarily arrange themselves in the same order for other types of 



Fig. 119 — Relative machinability of malleable iron as compared with other mate- 
rials Low value for horse-power indicates easy machinability {JBoBton 


machining. Schwartz^^^^ concluded that, within the commercial 
range of carbon contents of normal malleable iron, the higher 
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the carbon content of the casting the more readily it U 
drilled. 

Since reheating malleable iron above the lower critical poini 
dissolves some of the temper carbon, welding is not commerciallj 
feasible. An annealing treatment comparable to the regulai 
malleablizmg treatment would be necessary to restore the 
original ductility. 

B. MECHANICAL PROPERTIES OF MALLEABLE IRON 

A large proportion of the malleable iron used in the United 
States is purchased under specifications which give minimuin 
values for tensile strength, yield strength, and elongation. 
Most of the current specifications are issued by the railroads 
which are large users of malleable castings; all of them are listed 
in Standards and Specifications for Metals and Metal Products 
issued by the National Bureau of Standards.* Most of the 
specifications for air-furnace iron conform to No A47-30, issued 
in 1930 by the American Society for Testing Materials,^^29) 
for cupola iron to No. SP-22-1931, issued in 1931 by the Manu- 
facturers^ Standardization Society of the Valve and Fittings 
Industry ^^^9) xhe requirements of these specifications are: 



Specification 

Minimum properties* 



Tensile 

Yield 

Elonga- 

Number 

For 

strength, 
lb per 
sq 111 , 

strength, 
lb per 
sq in 

tion in 

2 in , 
per cent 

A47-30 

Air-fumace malleable 

50,000 

32,500 

10 

SP-22-1931 

Cupola malleable 

1 40,000 

i 

30,000 

5 


* Reduction of area is not specified and is seldom determined It is normally around 
20 per cent Malleable iron does not neck down appreciably but atretches throughout the 
gage length 


129. Mechanical Properties of Cupola Malleable. — White iron 
which ha« been melted in a cupote ha? some advantages'^^^ over 
air-furnace iron which make it especially suited for such castings 
as Valve and Dipe ^jjfeg ;s. Among these advantages may be 
mentioned lower .shrinkage from the pattern size and greajfcer 

* Mtsc. Publ 120, 1933. 
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fluidity (because the carbon is generally higher than in air-furnace 
iron), machinability even superior to that of air-furnace malle- 
able, absence of brittleness in galvanizing, and tightness and 
strength under water or steam pressure. As is shown below, 

Table 76. — Tensile Properties and Results op Bursting Tests of 
Cupola-malleable Iron* 


Tensile properties 


Property 

Number 

1 

Number 

2 

Number 

3 

Tensile strength, lb per sq in 


1 


Maximum 

58,200 

52,000 

45,000 

Minimum 

41,300 

35,000 

40,000 

Average! . .. 

49,700 

43,000 

43,000 

Yield strength, lb per sq in. 




Maximum 

46,800 

37,000 

34,000 

Minimum 

34,300 

27,000 

30,000 

Average! . .... 

41,000 

33,000 

31,000 

Elongation m 2 m , per cent 




Maximum 

16 0 

12 0 

8 0 

Mimmum 

5 8 

2 0 

5 0 

Average! 

8 1 

7 0 

6 5 


Water-bursting tests 


Size of 

V fitting, in. 

Ells, average maximum pres- 
sure, lb per sq. in 

Tees, average maximum pres- 
sure, lb per sq in 

Cupola 

Air furnace 

Cupola 

Air furnace 

0 25 

8750 

7086 

7600 

4600 

0 75 

8833 

8285 

6000 

7071 

1 25 

7000 

4714 

5250 

4385 

2 

4616 

4528 

3733 

3357 

3 



3067 

4333 

6 

• • 


2550 

2500 


* Symposium «»*> . 

t In a recent publication (American Foundrymen’s Association, Preprint 36-19, 1936) 
F B. Riggan reported average properties of several hundred bars (^-in diameter) of 
cupola malleable as 48,000 lb per sq in tensile strength, 34,000 lb' per sq in yield strength, 
and 9 per cent elongation in 2 in Machining H from the surface of the test bars had no 
appreciable effect on the properties. 
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the actual bursting strength of cupola malleable — an important 
service requirement for pipe fittings — is generally higher than 
that of air-furnace castings. 

Tensile properties of cupola malleable as supplied by three 
representative manufacturers and published in the Sympo- 
sium^^^®^ are given in Table 76 together with the results ofwater- 
bursting tests of cupola and air-furnace pipe"*Tfittings. For 



50,000 51.000 52,000 53,000 54,000 -SSPOO 56.000 57.000 58.000 

Tensile strcngth^lb per sq in 

Fig 120 — Relation of tensile strength to elongation in air-furnaoe malleable iron. 
(Symposium on Malleable Iron Castings <♦*»>) 

the latter tests commercial fittings, all made for the same types 
of service, were purchased. The {pressures reported are the 
ma»ma in lb. per sq. in., obtained before the fitting burst Qr 
leaked too badly to permit higher pressures. Values reported 
for the four smaller sizes are averages of six tests on cupola fit- 
tings and seven tests on air-furnace fittings. For the 3- and 6-in. 
fittings the values are the averages obtained on fittings from four 
and three manufactqrers respectively. 

If the tensile values given ki Table 76 are compared with the 
values, given in Fig. 120 for air-furnace iron, it will be noted that 
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the cupola iron is somewhat lower in strength and much lower in 
ductility than the product of the air-furnace. In resistance to 
bursting, however, cupola iron is apparently superior to aif- 
fumace material; this is especially pronounced in the fittings 
of smaller size. 

The next section (page 362) includes a brief r6sum6 of German 
black-heart malleable practice. The tensile properties obtained 
by commercial cupola operation in Germany are apparently 
somewhat better than the best combination of properties shown 
in Table 76. 

130. Mechanical Properties of Air-fumace Malleable. — In 

preparing material for the 1931 Symposium on Malleable Iron 
Castings^^^^^ Touceda analyzed the results of 5000 tensile tests 
on air-furnace malleable made over a period of 6 months by 52 
companies. These tests are representative of so-called stand- 
ard specification^^ malleable (see specification A47-30, page 355). 
The results are presented in the Symposium in tables and in 
frequency curves. If the values are classed as low, normal, and 
high, according to the following: 


Property 

Low 

Normal 

High 

Tensile strength, lb. per sq in 

I^ess than 
50,000 

50,000 to 
59,000 

Over 59,000 

Yield strength, lb per sq in 

Less than 
34,000 

34,000 to 
40,000 

Over 40,000 

Elongation in 2 in , per cent 

Less than 
10 

10 to 30 

Over 30 


it will be noted that approximately 99 per cent of the malleable 
iron made commercially falls within the class selected as normal, 

VIZ,: 


Property 

Average 

of 

5000 

tests 

Percentage of whole number 
of tests which may be 
classed as 

Low 

Normal 

High 

Tensile strength, lb. per sq. in 

54,000 



0 56 

Yield strength, lb. per sq. in 

36,600 

0 04 

99 74 

0 22 

Elongation in 2 m , per cent 

19 3 

0 92 

1 


0 18 
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It has been mentioned that malleable ir 9 n is unique in that 
the percentage elongation incjreases with the tensile strength. 
The relation between the two has been investigated and the 
results have been reported by the Symposium. The 11 
plants which participated divided their production (40 to 1300 
heats for each plant) into groups of approximately constant 
chemical composition and averaged the tensile strength and 
elongation of each group In Fig. 120 the mean tensile proper- 
ties (open circles) are plotted by groups for all plants. In addi- 
tion, each plant studied the properties of specimens of a single 
group of nearly constant composition, the group being that 
which, considering all of the plants, represented the greatest 
number of specimens These data are shown by the crosses in 
Fig 120 The curves in Fig. 120 were drawn by inspection; 
this was considf'red to be sufficiently accurate. In commenting 
upon the results it was stated : 

insofar as tensile strength is determined by original composition, 
an increase of 5000 lb. per sq in m tensile strength is accompanied by 
an increase of about 8 per cent in elongation [solid curve in Fig. 120]. 
If the variation in tensile strength is due to factors other than com- 
position, an increase of 6000 lb. per sq. in. in tensile strength is accom- 
panied by an increase of only about 3 per cent in elongation [dashed 
curve m Fig 120]. No definite reason for this difference can be assigned. 
The mechanical properties of malleable iron are determined mainly by 
carbon content and this in turn by both original content and by decar- 
burization [in annealing]. It is suggested that decarburization affects 
tensile strength more than it does elongation, possibly through the 
intervention of oxygen or small amounts of combined carbon. 

Although it may be stated that, in general, surface decarburiza- 
tion affects the mechanical properties favorably, removing this 
decarburized zone by machining has little or no effect on the 
strength and not much effect on elongation.* Data were pre- 
sented in the Symposium which show that machining 
and 1-in. cast bars to ^^-in. diameter has no appreciable influence 
on tensile and yield strengths, as compared with the standard 
%-in. cast bar. In four out of six sets of tests, removing the 
surface lowered the elongation to 80 or 90 per cent of 
on the, as-cast bar; in the other tests machining lower 

* Riggan has shown this to be ^he case also for cupola malle^ible. See 
footnote to Table 76. 
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little. Further tests indicated that, as compared with the 
properties of cast test bars, machined bars in some cases had 
slightly lower properties, in other cases slightly higher properties, 
and in still other cases practically the same properties. 

The effect of cross-section on the properties of malleable-iron 
bars as cast to size and as cast and machined to remove 3^6 in. 



Fiq 121 — Effect of increasing section on the tensile properties of malleable iron. 
Specimens not machined {Symposium on Malleable Iron Castings 

of surface metal was investigated by Schwartz. The iron as 
cast into the test specimens contained 2.44 per cent carbon, 
0.76 per cent silicon, 0.18 per cent manganese, 0.166 per cent 
phosphorus, and 0.099 per cent sulphur. Conditions were care- 
fully controlled so that no primary graphite would form in 
casting, so that the surface would be as smooth as possible, and 
so that the bars would be free from shrinks and other internal 
defects which might affect the properties. The variation of 
properties with the cross-section of the specimen is shown for 
the as-cast specimens in Fig. 121 and for the machined specimens 
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in Fig. 122. Considering the results of Schwartz and the other 
data summarized on the preceding pages, the Symposium 



Fig. 122. — Effect of increasing section on the tensile properties of malleable iron. 

Machined specimens {Symposium on MaUeable Iron Castings <<**>) 

presents the following general conclusions regarding the effect of 
decarburization and of cross-section on the mechanical properties : 

1 Decarburization has a favorable influence upon the strength and 
ductility of the product 

2 The effect of quick cooling in freezing on the surface metal of a casting 
IS such as to improve the strength and ductility of the product 

3 Roughness of surface of a cast specimen apparently decreases the 
strength and especially the ductility. 

4 The tensile strength decreases with increasing diameter of section by 
an amount proportional to the cube of the diameter. 

6. The elongation decreases with mcreasmg diameter of section by an 
amount proportional to the % power of the diameter. 

6 The yield point is apparently not affected by anv of the variables 
investigated. 

In addition to the variablee already discussed, the elongation 
of malleable iron may be affected by such factors as the method of 
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gating, which controls the feeding of the casting and its freedom 
from internal shrinkage, and by the completeness of the anneal, 
since any appreciable residue of untransformed cementite 
lowers the ductility. The more uniform the distribution of the 
temper-carbon nodules throughout the mass, the better is the 
ductility. There are various factors not readily defined, which 
may influence this distribution and thus affect the ductility. 
Experience, rather than adherence to a set of readily definable 
rules, seems to be important in securing ductility. 

Some of the other mechanical properties of black-heart mal- 
leable iron may be summarized briefly as follows: (1) the modulus 
of elasticity in tension or compression is 25,000,000 lb. per sq. 
m., (2) Brinell hardness ranges from 100 to 140, averaging about 
115, (3) in compression a permanent set of 1 per cent is attained 
at about 28,000 lb. per sq in., while the yield strength in torsion 
is about 25,000 lb. per sq. in. and in shear about 23,000 lb. per 
sq. in.; and (4) the ultimate shearing strength is about of 
the tensile strength, and the modulus of rupture in torsion is 

58.000 lb. per sq. in. 

Schuz and Stotz^^^®^ furnished some interesting data on 
German practice in making the American-type black-heart 
malleable, though details of composition and annealing cycle 
were not stated. In one plant, cupola black heart averaged 
over a week's period 54,000 lb. per sq. in. tensile strength (range 

50.000 to 60,000) and 11 per cent elongation (range 9 to 14 per 
cent) on a 60-mm. (2.36-in.) test length, obtained by careful 
control of casting and annealing. A plot of a larger number of 
heats showed variations in tensile strength from 50,000 to 72,500 
lb. per sq. in. and 7 to 14 per cent elongation. 

Similar data for an open-hearth malleable gave 50,000 to 

70.000 lb. per sq. in. tensile strength (average 57,000) and 9 to 
14 per cent elongation (average 11); for malleable iron from an 
oil-fired furnace values ranged from 50,000 to 58,000 (average 
52,000) and from 9 to 16 per cent (average 12), while those for 
malleable from a coal-fired Brackelsberg furnace were 57,000 to 

68.000 (average 63,500) and 14 to 22 per cent (average 19). 
Roesch<^“> also discussed German melting practice. 

The Sesciand-Brackelsberg furnace and other furnaces of 
similar type are generally considered to be more readily con- 
trolled at high melting temperatures than the other types of fuel- 
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fired furnaces. According to Schwartz,* American practice 
indicates that iron melted in the Brackelsberg furnace does not 
differ in properties from similar iron melted in an air furnace. 

131. Effect of Superheating Malleable Iron. — ^perheating the 
melt has been suggested^®^^^ as being helpful in the production of 
malleable iron and in reducing the annealing time. Taiii- 
mura,^^^®^ whose work on cast iron has been mentioned on page 
312, reported data on the malleablization of superheated irons. 
They were made from white pig iron, charcoal, and ferrosilicon and 
contained: (1) 3.62 per cent carbon and 0.30 per cent silicon, 
(2) 3.60 per cent carbon and 1 37 per cent silicon, and (3) 3.72 
per cent carbon and 2.07 per cent silicon. They were held for 
10 min. at temperatures from 1400 to 1600^0. (2550 to 2910®F.), 
cooled to 1350®C. (2460°F.), poured into chill molds, and then 
malleablized. He reported that graphitization did not vstart so 
quickly in those irons heated to the lower part of this range as in 
those held at 1600°C. (2910°F.), but when graphitization did 
start it proceeded more rapidly. Tanimura assumed that, 
even though the iron is fully white, tiny graphite nuclei are 
present after the lower melting temperatures, while at the higher 
ones they are absent which permits strong undercooling to occur. 
In reply to discussion of one of his papers Piwowarsky^^®®^ 
stated in 1925 that with a melting temperature of 1600^0. 
(2910°F ) the temper carbon in malleable iron separated in a 
finer form. 

White and Schneidewind,^®^^^ in an investigation made primarily 
to determine if the annealing time could be reduced by super- 
heating, determined the properties of malleable irons after 
superheating to various temperatures. Compositions, details 
of superheating, malleablizing time, and the resulting properties 
are given in Table 77. Iron 1 was cupola melted under regular 
production conditions and was superheated in an electric-arc 
furnace. The other two irons were special low-carbon alloys, 
melted and superheated in a rocking electric furnace. 

From the data shown in Table. 77 these investigators deduced 
that it would be possible to choose a composition and superheat- 
ing practice which would result in a strong and ductile iron and 
which, with the use of a tunnel kiln, would allow a reductioi^ip 
annealing time from the normal to around half that time. 

* Private communication. 
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Properties 

! 

Elonga- 
tion in 

2 in , 
per cent 

14 0 

12 5 

14 1 

12 3 

18 0 

10 4 

18 5 

Yield 
strength, 
lb per 
sq in 

46,300 

46.000 

40.000 

47.400 

58.000 

49,200 

42.400 
tisound 

Tensile 
strength, 
lb per 
sq m 

49,500 

49,100 

49,000 

64,800 

61.700 

63.700 
62,200 

Bars u] 

Mallea- 
bhzing 
time, hr 

51 5 

61 0 

70 5 

12 0 

20 0 

5 

8 75 

11 5 

Superheating 

Temperature 

o 

2970 
2900 
i 2750 

3150 

2865 

3180 

3030 

2850 

O 

o 

1630 

1595 

1510 

1730 

1575 

1750 

1665 

1565 

Furnace 

Electric arc 

Rocking electric 

Rocking electnc 

Composition, per cent 

QQ 

0 095 

0 095 

0 095 

Ph 

0 08 

0 08 

0 08 

Mn 

0 36 
0.35 

0 35 


1 19 

1 17 

1 18 

1 5 

1 7 

j 

O 

2 80 

2 71 

2 71 

1 4 

1 5 

Specimen 

number 

rHFHfH COCOCO 


* White and Schneidewind.<*^i> 
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132. Improving the Mechanical Properties of Malleable Iron.— 

In the past 15 to 20 years much attention has been paid to 
improving the properties of black-heart malleable. The chief 
means of effecting this improvement has been to lower the carbon 
content of the original charge from about 2.35 to 2.60 per cent for 
standard malleable’’ to about 2.00 to 2.20 for ^^high-strength 
malleable.” It has been necessary to accompany this lowering 
of the carbon by careful supervision of melting, including close 
control of the composition, precautions to insure soundness, and 
control of the other variables in the entire process of manufacture. 

The production of high-strength malleable has in some measure 
been due to the demands for such a product on the part of the 
railroads. The Malleable Iron Research Institute has recently 
adopted specifications^^^®^ for malleable iron for railroad work, 
with a minimum yield strength of 35,000 lb. per sq. in. and a 
minimum elongation of 18 per cent, and has recommended that 
the American Society for Testing Materials and the American 
Railway Association adopt similar specifications. 


Table 78 — Average Mechanical Properties of Black-heart 
Malleable Iron 1916 to 1931 





Tensile 

Yield 

Elonga- 

Authority 

Year 

Source of data 

strength, 
lb per 

strength, 
lb per 

tion in 

2 in , 




sq in 

sq in 

per cent 

Schwarts!<»<) 

1916 

Average properties, speci- 

49,000 


10 



mens tested monthly by 
Amenoan Malleable Cast- 
ings Association 




Schwartz 

1921 

Same as above 

63,000 


16 

Symposium(<®®) 

1931 

Average of 6000 tests (see 

64,000 

36,600 

19 3 



p 368) 




Symp08iumG2») 

1931 

High-strength malleable, 

61,900 

39,900 

28 2 



236 tests, 4 foundries, aver- 
age maximum 






Same, average minimum 

63,100 

36,800 

19 4 



Same, grand average 

67,600 

37,900 

23 1 


The average properties of black-heart malleable in 1916 and 
1921 and the grand average of 5000 tests reported in the symposi- 
um in 1931 are given in Table 78. Included also in this table aj:^ 
the average minimum, average-maximum, and the grand average 
of 236 tests of hiffh-streneth malleable made by four foundries 
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under a specification which required a yield strength of 35,000 lb. 
per sq. in. or more and 18 per cent or more elongation. 

As early as 1922 Schwartz^®^^ recorded a specimen with a 
tensile strength of 68,000 lb. per sq. in. and 34 per cent elongation ; 
he commented that any malleable iron with a strength approach- 
ing 60,000 lb. per sq. in., without at least 12 per cent elongation, 
would be considered to be the result of poorly controlled practice. 

In the discussion of the symposium, ^^^9) ^olf and Meisse 
pointed out that, by the statistics presented, a third of the 
malleable iron regularly produced in the United States would 
not meet the minimum requirement of 18 per cent elongation as 
suggested for railroad work. The authors of the symposium 
replied that the specimens tabulated were produced under a 
specification with a requirement of 10 per cent or more elonga- 
tion and that, if the minimum requirements were raised to 18 per 
cent, producers would be forced to exercise special control of 
their manufacturing processes to meet this requirement. 

Recently, considerable interest has been shown in producing 
high-strength malleable by a special Short-cycle anneal of an iron 
of suitable composition or by alloying. In 1933, Schwartz, in 
discussion of a paper by Hall,^®^^ pointed out that a considerable 
range of commercial materials, differing from malleable by 
having a pearlitic matrix instead of a ferritic one, is now obtained 
either by modifying the anneal so that some pearlite remains, or 
by reheating normal malleable to reform pearlite or sorbite, or 
by introducing alloying elements which retard the decomposition 
of cementite to temper carbon during the normal annealing 
cycle 

C. THE GRAPHITIZING CYCLE FOR BLACK-HEART MALLEABLE 

IRON 

The process of graphitizing white-iron castings consists, as 
has been slafeff, of packing the castings in pots, slowly heating 
to a teihperature of 845 to 925®C. (1550 to 1700®F.), holding at 
this temperature for a time sufficient for graphitization to 
become complete, and cooling again. Although graphitization 
is a process which does not involve any change in chemical 
composition (except some surface decarburization) and will take 
place in the absence of any packing material, it is customary to 
pack the castings in scale or slag which consists essentially of 
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ferrous silicate. Raw packings, such as iron ore or unused 
scale, which contain a large amount of free iron oxide are avoided; 
the addition of such material is limited to a small amount for 
each charge. This limits the amount of ferrous oride (FeO) 
available for reaction with iron carbide and thus restricts the 
surface decarburizatiom 

The graphitization cycle has been discussed in detail by 
Storey,^^®^ Phillips and Davenport, Hayes and coworkers,^^^^'^^^ 



Fig. 123 — Effect of silicon on the location of the Aem and A\ lines in the iron- 
carbon diagram {While and Schneidewind 

Kikuta,^^®^^ Schwartz, Schwartz and Johnson, and by 
White and Schneidewind. 

133. The First, Stage of the Cycle. — The binary iron-carbon 
equilibrium diagram is not directly applicable to the graphitizing 
process because of the presence of silicon in malleable iron. The 
effect of silicon on the solubility of carbon in austenite, as 
determined by White and Schneidewind, is shown in Fig. 123; 
these solubility lines for several constant silicon contents are 
parallel to the Acm line. 

The first stage of graphitization is accomplished by slowly 
heating^ (for about 2 days)„the::nharge into the austenite field — 
say 846 to 925^0. (1560 to 1700®F.) but usually to about 870®C. 
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(1600®F.) — and holding it there £rsm 48 to 60 hr. At the begin- 
ning of this soaking period the material consists of saturated aus- 
tenite and free cementite. As Fig. 123 shows, in a 0.9 per cent 
silicon malleable iron at 870®C. (1600°F.) about 1.1 per cent 
carbon is in solution in austenite, the remainder existing as free 
cementite, which is not stable and which slowly transforms into 
fine graphite (temper carbon). At extremely high temperatures 
it tends to decompose into flakes somewhat similar to those in 
gray iron. This must be avoided. 

W hen all exce^ cementite has been^transfprmed to iron and 
graphite, THe first stage^^ is ended. The transformation pro- 
gresses in the way characteristic of many chemical reactions, 
t.e,, it begins slowly (this is known as the period of induction), 
then proceeds rapidly in a way such that the reaction rate at any 
instant is proportional to the amount of untransformed cemen- 
tite. (This behavior is illustrated in Volume I of this mono- 
“graph on page 186.) This behavior implies that, at a constant 
temperature of transformation, the logarithm of fractional 
cementite decomposition is a linear function of time. Further 
to be noted is the fact that the reaction approaches its end 
slowly. 

From the form of the temperature coefficient of such reactions 
it can be deduced that transformation time is a logarithmic 
function of reciprocal absolute temperature. Thus, according 
to the principles of the kinetics of transformation, Fig. 124, 
from White and Schneidewind,^^^®^ is incorrectly plotted. 

Silicon affects the value of the velocity constant of the trans- 
formation; this shifts the lines of log time versus reciprocal abso- 
lute temperature in a manner analogous to the shift observable 
in Fig. 124. Increased silicon decreases the time required to 
complete the first stage. 

lS4i. The Second Stage of the Cycle. — The next step, the 
second stage, involves precipitation of the carbon held in solution 
in austenite, ^nd the graphitization of the cementite thus formed. 
This is accomplished by slowly lowering [about 5®C. (10®F.) per 
hr.] the temperature; more cementite separates from the austenite 
as the material coqlsjio the temperature of the eutectqid. Above 
the eutectoid temperature, as the temperature drops, cementite 
is slowly precipitated and, if the temperature fall is slow enough, 
graphitization can keep pace with it. As the temperature drops 
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l)€low the eutectoid, all the remaining austenite changes to ferrite 
and Clemen tite; the remai^g cementite has, therefore, still to 
be graphitized. This is accomplished by continuing to cool 
slowly, or by holding just below the critical range. 

As the silicon percentage increases, the carbon content of the 
eutectoid decreases; hence, the higher the silicon the less cement- 
ite is present to be graphitized below the critical range, pro- 
vided, of course, that the cooling has been slow down to that 

Temperature, deg C 



Fig 124 —Effect of temperature on the time for first-stage graphitization. 

(White and Schneidewxnd 

point. It is possible to carry out the first stage by holding in 
the austenite range, say at 870 or 925°C. (1600 or 1700°F.), 
then to drop the temperature fairly rapidly to just below the 
critical and hold the material at this temperature until the 
second stage is completed. This can be done in tunnel-kiln 
types jof annealing furnaces, but the annealing pots and packings 
of common graphitizing practice have so much heat capacity 
that cooling is more convenient. 

White and Schneidewind^®^®> have worked out the minimum 
graphitizing cycles* for air-futnace malleable containing 2 to 
2.6 per cent carbon. Their data are shown in Table 79. The 
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total given in the last column of the table does not include the 
time of heating the charge to the first-stage temperature — fixed 
by White and Schneidewind at 925®C. (1700®F.) — nor the time 
of cooling from the second-stage temperature, 720®C. (1326®F.), 
to approximately room temperature. 

135. Effect of Pre -quenching. — Saito and Sawamura^^^^^ and 
Sawamura^®^®^ reported that white iron which had been quenched 
from 850 to 1000°C. (1560 to 1830®F.) graphitized more readily 


Table 79 — Minimum Malleablizinq Cycles for Air-furnace Irons of 
2 TO 2 5 Per Cent Carbon* 


Silicon, 
per cent 

Time at 925 °C 
(1700°F ), hr 

Tune from 925°C 
(1700°F ) to A„ 
hr 

Time at 720°C 
(1325°F ), hr 

Total 

time, 

hr 

0 7 

20 0 

20 0 

85 

125 0 

0 8 ! 

16 0 

16 0 

65 

97 0 

0 9 

12 0 

12 0 

50 

74 0 

1 0 1 

10 0 

9 5 

40 

59 5 

1 1 

8 0 

6 5 

30 

44 5 

1 2 

6 0 

6 0 

i 24 

36 0 

1 3 

5 0 

4 5 

18 

27 5 

1 4 

4 5 

3 5 

14 

22 0 

1 5 

3 5 

3 0 

11 

17 5 

1 6 

3 0 

2 0 

8 5 

13 5 

1 7 

2 3 

1 5 

6 5 

10 3 . 

1 8 

2 0 

1 5 

5 

8 5 

1 9 

1 6 

1 0 

4 

6 6 

2 0 

1 4 

1 

1 0 

3 

5 4 


♦ White and Schneidewind/®’^®) 


than the same iron as cast but not pre-quenched The higher 
the quenching temperature and the more rapid the rate of cooling 
water versus oil), the more rapid i,s the graphitization in 
both stages. 

Schwartz* found that rapid cooling through the critical range 
by quenching in oil or water hastens the malleablizing process; 
the faster the rate of quenching, the greater is the acceleration 
of graphitization. 

136* Short Annealing Cycles and the Resulting Properties. — 

Much work has been done by various investigators in the 
attempt to speed up the rates of graphitization in both first and 

* U.S. Patent 1,688,438, Oct 23, 1928 
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Bcond stages, t,e,, to produce ‘‘short-cycle^^ malleable. A recent 
ammary of these investigations has been given by Highriter.^^®^) 
ls long as the metallographic structure of the resulting product 
} the same as that of normal malleable, the properties of the 
[lort-cycle product do not appear to differ materially from those 
f normal malleable save for a slight tendency toward lower 
longation. 

Lauenstein* reported that the first-stage graphitization may be 
ccelerated by first holding at 960®C. (1650°F.) for 4 hr. to 
recipitate widely distributed graphite nuclei, then raising the 
Bmperature to lOlO^C. (1850®F.) to secure more rapid precipita- 
lon at this higher temperature, f The graphite formed at the 
igher temperature is thought to separate out adjacent to the 
irge number of original nuclei rather than adjacent to the small 
umber which would be formed were only the higher temperature 
mployed, thus avoiding the poor mechanical properties which 
Bsult' from the presence of the larger graphite masses. 

A special cycle, in which the temperature in the second stage 
5 not continually held below the critical but is successively 
aised above and lowered below the critical in order to spheroidize 
ny remaining cementite rather than to transform the last traces 
ito temper carbon, is under commercial development. This 
lore rapidly annealed product is said to meet the specifications 
f 70,000 lb. per sq. in. tensile strength, 50,000 lb. per sq. in. 
ield strength, with 15 per cent elongation, and regularly to 
xceed these figures; but there are few publications — except the 
eport of Merz and Schuster, mentioned on page 373 — which give 
echnical details. It is understood that 0.5 to 1 per cent copper 
5 used, which would tend, as Lorig and Smith^^^^^ showed, to 
icrease the yield strength and shorten the malleablizing time. 

In addition to other modifications of the short-cycle process, 
here are quick-annealing processes in which some pearlite is 
etained; the products have much higher tensile and yield 
brengths than normal malleable, with correspondingly lower 
longation. Little information is^ on record in scientific or 
echnical publications by which the properties can be correlated 
nth the structures and by which an appraisal might be made 

♦US Patent 1,987,481, Jan. 8, 1935. 

t A procedure very similar to this was suggested as early as 1925 by 
IcNamara and Lorig.^i®®^ 
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of the possibilities of specially annealed iron-carbon-silicon 
malleable iron as compared with alloyed malleable. It would be 
especially important to know the relation between ductility of 
these special products and their impact resistance. 

A good picture of the possibilities and limitations of rapid 
processes may, however, be gained from the discussion of funda- 
mentals by Sauveur and Anthony, who made an interesting 
study of commercial malleable specimens, containing 2 20 to 
2.50 per cent carbon, 0 85 to 1.00 per cent silicon, 0.26 to 0 37 per 
cent manganese, and 0.03 to 0.10 per cent sulphur, under various 
malleablizing schedules. The time and temperature used were 
shown in schematic graphs together with the resulting micro- 
structure and properties. 

The normal schedule, 4 to 36 hr. above the critical range 
(first stage), the time depending on temperature, followed by 
24 hr. below the critical to spheroidize the pearlite and transform 
it to graphite, produced the normal completely graphitized 
structure with properties of 55,000 lb per sq. in tensile strength 
and 18.5 per cent elongation Quenching after the first stage 
and reheating to 650®C (1200^F.) for 12 hr produced a similar 
matrix, but some of the graphite was in small nodules, which 
apparently had formed during reheating and had not collected 
upon the larger graphite aggregates which formed in the first 
stage. The properties were 59,000 lb. per sq. in. tensile strength 
and 19 per cent elongation. 

Complete graphitization below the critical range, without any 
first-stage heating, which took from 10 to 15 days, resulted in an 
almost normal structure except for more perfectly rounded 
graphite nodules Specimens showed 59,000 lb per sq. in. 
tensile strength with 25 per cent elongation. Specimens carried 
through the first stage only and cooled at such a rate that the 
austenite transformed to pearlite but did not spheroidize had a 
tensile strength of 83,500 lb. per sq. in with but 2.25 per cent 
elongation and with, of course, a pearlitic matrix. 

A faster cooling from the first-stage temperature resulted in 
:^16,000 lb. per sq. in. tensile strength and 3 per cent elongation. 
Quenching from the first-stage temperature and reheating to 
650®C. (1200°F.) for 3 hr. produced similar structure and proper- 
ties, but quenching after the first stage and reheating to 650°C. 
(1200®F.)ior 5 hr. gave a spheroidized matrix with the interesting 
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combination of properties of 123,000 lb. per sq. in. tensile 
strength and 7 per cent elongation The whole process can be 
accomplished in 40 hr. Similar structures can be obtained by 
cooling to 650°C. (1200°F.) without quenching and holding at 
that temperature long enough for spheroidization to take place 
This paper is of importance as it emphasizes that the ^^quick- 
annear^ procedures are really a heat treatment of a high-carbon 
steel matrix in which are embedded free graphite particles 
resulting from the first-stage anneal above the critical range. 

Merz and Schuster^®^^^ studied the possibility of securing 
accelerated graphitization by successively raising and lowering 
the temperature to above and below the critical. The iron used 
contained 2.46 per cent carbon, 0.96 per cent silicon, 0.52 per 
cent manganese, 0.08 per cent phosphorus, and 0.047 per cent 
sulphur. Specimens 12 mm. (0.47 in ) round with 60 mm. (2.36 
in.) gage were heated in an electric furnace to 1050°C. (1920°F.) 
for 3 hr The temperature was then lowered to 700°C. (1290°F.) 
and immediately raised to 780®C. (1435°F ) and lowered again to 
700°C This was repeated at the rate of three cycles per hour 
for about 12 hr , after which the temperature spread was reduced 
to the range 710 to 760°C (1310 to 1400®F ) and the heating 
and cooling were continued for 10 hr. longer Specimens treated 
by this process contained 2 02 per cent total carbon, 1.97 per 
cent temper carbon, and 0 05 per cent combined carbon Micro- 
scopic examination indicated that there was about 7.5 per cent 
of pearlite present The average tensile strength was 62,500 lb 
per sq in , and the elongation in 60 mm (2.36 in ) was 10.5 
per cent According to Merz and Schuster, speeding up the 
heating and cooling to four cycles an hour will result in complete 
graphitization 

It is obvious that it is not practical to attempt to secure rapid 
temperature changes m a commercial graphitizing furnace 
which, ordinarily, has a large thermal capacity and will, there- 
fore, not heat up and cool down with great rapidity. Most 
short-cycle methods are, consequently, applicable to small-scale 
rather than large-scale practice. This fact should focus attention 
on quenching and tempering methods,' as reported by Sauveur 
and Anthdhy,^®^^^ as a method of accelerating the dissociation, of 
cementite in white iron. Another factor which should be con- 
sidered is the low elongation of much quick-annealed malleable. 
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Merz and Schuster^®^^ tried various methods of accelerating 
graphitization in addition to their repeated heating and cooling 
practice described above. Using various temperatures for the 
second stage of the cycle and times of 3 to 30 hr., they found 
that tensile strengths ranged from 57,000 to 84,000 lb. per sq. in., 
but elongation values were low, 1.3 to 6.1 per cent in 60 mm. 
(2.36 in.). The undissociated combined carbon ranged from 
0.30 to 0.63 per cent, equivalent to 45 to 95 per cent pearlite 
in the structure. 

137. Embrittlement of Galvanized Malleable Iron. — Ordinary 
nmlleable iron has appreciable, but not high, shock resistance. 
According to the Symposium on Malleable Iron Castings, 
malleable iron at room temperature has a Charpy value of 
7.5 or 8 ft-lb. and an Izod value of about 9 ft-lb. The correspond- 
ing values for ordinary gray cast iron are only 1 to 2 ft-lb. 

As is well known, malleable castings which have been galva- 
nized or heated to the galvanizing temperature of about 450°C 
(840®F.) may become as brittle as cast iron, breaking with an 
intergranular fracture. The cause of this brittleness is not 
clearly understood, although it may be prevented by suitable 
heat treatment or by control of the composition The brittle- 
ness is more marked in low-carbon, high-silicon alloys and 
increases with increasing phosphorus. It occurs frequently 
in the general run of normal high-strength malleable but is not 
so marked in cupola malleable. According to Bean,^®^^ an 
iron with 0.50 per cent silicon can have 0.26 per cent phosphorus, 
and one of 1.30 per cent silicon, 0.13 per cent phosphorus without 
being susceptible to galvanizing embrittlement, while Wolf 
and Meisse^^^^^ put the limit at under 0.80 per cent silicon and 
0.15 per cent phosphorus. Kelly stated that embrittlement 
may occur even below these limits. Lorig and Smith^^®®^ have 
shown that in the presence of sufficient copper the silicon and 
phosphorus limits can be extended without embrittlement 

The embrittlement phenomenon is not due solely to composi- 
tion; for, with a given composition, the more slowly the material 
is cooled from the galvanizing temperature the less it is embrit- 
tled. As would be expected, quenched material is the most 
subject to embrittlement. 

Marshall, working at the National Bureau of Standards, 
found that, when annealed malleable iron is reheated to about 
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650®C (1200°F.) and cooled preferably rapidly, subsequent 

heating to the galvanizing temperature no longer causes embrit- 
tlement Moreover, a casting previously embrittled may be 
reclaimed by the subsequent higher temperature treatment. 
He also stated that the treated malleable retains its toughness 
at sub-zero temperature; the toughness does not fall off so rapidly 
with decreased temperature as in the case of untreated malleable, 
even if the latter is of a composition not subject to intercrystalline 
embrittlement. It would appear that some precipitation- 
hardening effect is involved as Kikuta^^^^^ has pointed out, but 
just what the mechanism is has not been made clear. The 
phenomenon is of sufficient industrial importance so that with 
any proposal to produce an alloyed malleable it is necessary 
that the effect of the alloy upon galvanizing embrittlement be 
considered. 


D. AUTHOR’S SUMMARY 

1. Because malleable iron is stronger and much more ductile 
than ordinary gray iron, because it machines easily, and because 
it IS more readily and economically cast into small intricate 
shapes than carbon steel, malleable castings are widely used for 
agricultural implements,^ automotive and railroad equipment, 
pipe fittings, hardware, machine tools, electric and industrial 
power equipment, and for many other applications. 

2 There are two processes for the manufacture of malleable 
iron In the European white-heart process castings of white 
iron are annealed in a packing of iron oxide, which results in 
complete decarburization. The structure of white-heart mal- 
leable is almost wholly ferritic. In the black-heart process, 
used almost exclusively in the United States and to an increasing 
extent abroad, white-iron castings are annealed in an almost 
inert or a weakly oxidizing packing. The castings may be 
decarbunzed at the surface. Most of the cementite, however, 
is decomposed, and the carbon remains in the casting as small, 
round nodules of graphite (temper carbon). The structure of 
black-heart malleable consists of ferrite containing numerous 
islands of temper carbon. 

3. White-heart castings have about the same tensile and 
yield strengths as black-heart castings, but the elongation 
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(2 to 6 per cent) of the former is much lower than that of the 
latter (10 to 30 per cent)jfj 

4. White iron to be malleablized by the black-heart process 
is melted in an air furnace, cupola, electric furnace, or occasionally 
in a small open hearth. Most of the malleable iron produced in 
the United States is melted in the air furnace, but a considerable 
tonnage, for pipe fittings, is melted in the cupola. The other 
two methods are used to a very limited extent. 

5. The composition of malleable is adjusted according to the 
size of the casting and according to the properties desired. The 
carbon content may vary from 2 0 to 3.0 per cent, and the silicon, 
which varies inversely with the carbon, from 1.0 to 0.7 per cent. 
As much as 0.2 per cent phosphorus, 0 25 per cent sulphur, and 
from 0.3 to 0.6 per cent manganese may be present Low carbon 
percentages are used where strength and ductility are major 
considerations, 2.8 to 3.0 per cent when prevention of foundry 
troubles is a major item, and 2 3 to 2.6 per cent for a fair combina- 
tion of all desired characteristics. 

6. The best available data for such physical properties as 
thermal expansion, mean specific heat, and electric resistivity are 
summarized These may be useful as first approximations to 
the true values. Data are also quoted which indicate that, 
although machmability of malleable iron cannot be dealt with 
quantitatively since there is no standardized test nor unit of 
measurement, as measured by tool life or cutting speed in com- 
mercial operations, malleable iron machines more readily than 
any other ferrous material. Welding is not commercially 
feasible. 

7. Typical tensile properties of cupola malleable are: tensile 
strength, 48,000 lb. per sq in , yield strength, 34,000 lb. per sq. 
in., and elongation in 2 in., 9 per cent. For an average of 
20,000 heats of air-furnace malleable the corresponding values 
are 54,000 lb. per sq. in., 36,000 lb. per sq. in., and 18 per cent. 
Despite the fact that cupola malleable has slightly lower tensile 
strength and much lower elongation, fittings made of this material 
have a higher bursting strength, which is especially pronounced 
in the smaller sizes, than fittings made from air-furnape malleable 

8. Malleable iron is unique among ferrous materials in that 
the percentage elongation increases with tensile strength. If 
tensile-strength variations are caused by original composition. 
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an increase of 5000 lb. per sq. in. tensile strength is accompanied 
by an increase of about 8 per cent elongation. If these varia- 
tions are caused by factors other than composition, the same 
increase in tensile strength is accompanied by an increase of 
about 3 per cent elongation. 

The tensile properties of malleable iron are affected, 
though in some cases not importantly, by surface decarburiza- 
tion, quick cooling in freezing, roughness of the surface, size of 
the section, method of gating, and completeness of the anneal. 

10. In the past 15 years, the average tensile strength of 
black-heart malleable iron has increased from about 49,000 lb 
per sq. in. to 55,000 to 59,000 lb. per sq. in , and the elongation 
from 10 to around 20 per cent. Most of this improvement has 
been caused by lowering the average carbon content from about 
2.5 to around 2.1 per cent and by an accompanying careful con- 
trol of melting and casting practice. 

11. The graphitizing cycle for black-heart malleable con.sists 
of two stages. In the first, the white-iron castings, packed in 
pots, are heated slowly (about 2 days for the usual charge) into 
the austenite range, 845 to 925®C (1550 to 17G0°F.), and faeld 
there for 48 to 60 hr. until the excess cementite is graphitized 
The second stage consists in cooling the charge very slowly from 
the first-stage temperature If cooled slowly enough — say at 
5°C. (10°F.) per hr. — graphitization of the cementite keeps pace 
with the precipitation of the carbon from the austenite as the 
material cools from the first-stage temperature to the critical 
range In cooling through this range, gamma iron transforms 
to alpha iron, and the remaining cementite is graphitized. 
Sometimes the second stage is accomplished by cooling the 
charge fairly rapidly from the first-stage temperature to just 
below the critical range and holding at this temperature until 
graphitization is complete. 

12 The heating and cooling rates and the time of holding at 
the graphitizing temperature depend for any particular charge 
on the composition, especially upon the silicon percentage. In 
general, the tqta} time for graphitizing (for the whole cycle) 
decreases with increasing silicon. 

13. Much work has been done in an effort to shorten the 
time for the total graphitizing cycle and to produce a short- 
cycle” malleable iron with satisfactory properties. Among the 
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suggested methods for shortening the cycle aie; \^a) holding at 
900®C. (1650°F.) and then raising the temperature to 1010®C. 
(1850°F.) to secure more rapid precipitation of carbon; (6) using 
a special treatment for the second stage which consists of suc- 
cessively heating above and cooling below the critical range to 
spheroidize rather than graphitize the last traces of cementite; 
and (c) methods involving quenching and tempering. One of 
the outstanding difficulties in shortening the time for the graphi- 
tizing cycle is securing rapid temperature changes in the large 
commercial graphitizing furnaces. 

14. Malleable castings which have been galvanized or heated 
to the galvanizing temperature of about 450°C. (840°F.) fre- 
quently become as brittle as cast iron. The cause for this 
is not known, but it may be prevented by a suitable heat treat- 
ment or by adjusting the composition. The brittleness occurs 
more frequently in air-furnace iron than in the product of the 
cupola and is more pronounced m low-carbon high-silicon alloys 
than in the high-carbon low-silicon grades. It increases with 
increasing phosphorus. It is not due solely to composition; 
the more slowly material of a given composition is cooled from 
the galvanizing temperature the less it is embrittled. 



CHAPTER XI 


BEHAVIOR OF IRON-CARRON ALLOYS UNDER 
REPEATED STRESS 

Methods of Testing — Endurance Limit of Wrought Iron^carhon 

AUoys — Endurance Limit of Cast Iron-carbon Alloys — Factors Affecting 

Endurance Limit — Corrosion Fatigue and Protective Coatings — 

Authors Summary 

Since many failures of metals subjected to repeated stress occur 
under loads not only far below their tensile strength but even 
below their yield strength, the problem of finding the stress 
below which the metal will not fail under long-continued repeti- 
tion of loading has become highly important. Wohler, in Ger- 
many, made pioneer investigations in the field between 1850 and 
1870, as did Fairbairn, in England, in the 1860^s. 

Most of the modern information on ^^fatigue^' or ^^endurance” 
of metals, as the properties under repeated stress are commonly 
termed, has been made available during the past 15 years, 
notably through the publications of Moore^^^^^ and coworkers 
at the University of Illinois, of Me Adam at the Naval 

Experiment Station and the National Bureau of Standards, of 
Gough of the National Physical Laboratory, England, and 
of the Research Committee on Fatigue of Metals of the American 
Society for Testing Materials, as well as many others. 

A. METHODS OF TESTING 

It is only within the past decade that the necessary precautions 
with respect to shape of endurance test bars, radius of fillets 
between breaking section and grips, and the proper polishing 
of the specimen before the te.st, necessary to secure reliable and 
reproducible results, have been /ully understood and adopted 
With specimens that conform to these requirements a wide 
variety of testing machines may be used with comparable 
results. 

138. Preparation of Specimens. — A fatigue specimen must be 
so designed and so loaded that the location and magnitude of the 
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maximum stress can be accurately determined. This necessi- 
tates the use of specimens having generous fillets. When a 
straight reduced portion meets a fillet, great care must be 
exercised to produce a smooth junction, else there will be distinct 
local concentration of stress. Smoothly radiused bars without a 
straight portion are more generally used at present. 

When it is desired to obtain the actual fatigue properties of a 
material, samples are carefully polished; the recommended 
procedure is to polish the samples m such a manner that the 
scratches are parallel to the direction of the stresses. Of course, 
data on polished samples do not necessarily give the desired 
information regarding the behavior of the material in service, 
and it is entirely in order to test samples having a surface similar 
to that found in actual parts The condition of the surface or 
the nature of the layer of metal adjacent to the surface has a 
very pronounced effect on the endurance limit of specimens 
stressed by bending but has less effect on specimens subjected 
to axial loading Hence for proper appraisal of recorded data 
the condition of the surface must be stated. 

139, T 3 rpes of Loading. — Two methods of loading are chiefly 
used, the more common being the rotating-beam method in 
which portions of the specimen are alternately subjected, as 
the specimen rotates, to fiber stresses varying from a given stress 
in tension to the same stress in compression; with the other 
method the specimen is subjected to direct push and pull, z.e., 
to axial loading (usually in the Haigh machine), and the load 
may be varied about a zero mean value between the same tensile 
and compressive loads, thus using the same stressing cycle as 
the rotating-beam test, or it may be varied about some other 
mean 

While interesting engineering data are obtained by other than 
completely reversed stressing, from the point of view of evalua- 
tion of materials the results of balanced loading about a zero 
mean will be suitable for the purposes of this monograph Unless 
otherwise noted, all data cited are from rotating-beam tests 
and refer to completely reversed stresses. Values of stress refer 
to the ‘^half-stress range^^ and are the values of maximum 
tensile or compressive stress produced in the sample. 

The, usual rotating-beam specimen, with its smoothly radiused 
change of section to a minimum at the middle, applies the 
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maximum load practically only to a line on the circumference 
of the bar, since the stress falls off below the surface and is 
zero at the neutral axis. The tapered cantilever bar, as used 
by Me Adam, stresses more of the surface uniformly. Because 
of the rapid fall in stress below the surface of either type of rotat- 
ing-beam specimen, only a very minute volume of metal is, 
in any case, tested at the maximum stress, and chance may or 
may not locate ^^stress raisers^^ (such as surface scratches or 
interior discontinuities which increase the local stress at such 
points over that calculated to be present when such discontinui- 
ties are disregarded) in that volume Axially loaded specimens, 
however, have a much larger equally stressed volume, and one 
such test bar is equivalent in volume tested to a large number 
of rotatmg-beam bars The axially loaded specimen fails when 
a crack starts at any point. Where 100 rotating-beam bars 
tested at the same calculated stress would fail over a range of 
stress reversals and would probably yield a normal-distribution 
curve, axially loaded bars will tend to break at the low-cycle 
end of the distribution curve given by the rotatmg-beam speci- 
mens Hence, it is to be expected that axial-loadmg tesT^s, 
properly conducted with respect to true axiahty of loading and 
the other necessary precautions, would give lower endurance 
limits than rotatmg-beam tests made on but a few specimens 
whenever the material tested is non-uniform and contains local 
stress raisers When the material is strictly homogeneous, so 
that the rotatmg-beam tests do not show scatter, the axial 
test should give an endurance limit as high as the rotating 
beam * 

With polished rotating-beam specimens most observers do not 
find an appreciable size effect when small- and large-diameter 
specimens are compared. Faulhaber, Buchholtz, and Schulz, 
however, while admitting that specimens with an ideal polish 
should show no size effect, found such an effect in poorly finished 
bars and, in common with other observers, found a notable effect 
when definite notches were present, with a more marked effect 
in hard than in soft steels. They pointed out that the volume 
at high stress is greater in large-diameter bars than in small ones. 
In the larger rotating-beam bars, there is, for this reason, a 
greater chance for the presence of stress raisers within the 

* McAdam (private oommunication) doubts this. 
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volume so highly stressed that the actual stress about the stress 
raiser is above the endurance limit, as in the case of the axially 
loaded bar. 

A statistical effect, which tends to show proportionally lower 
endurance limits and endurance ratios (ratio of endurance limit 
to tensile strength) when greater volumes of material are tested, 
was shown in a series of tests by Peterson on a steel containing 
0.44 per cent carbon and having a tensile strength of 81,500 lb. 
per sq. in. Specimens of this steel 1 or 2 in. in diameter gave an 
endurance ratio of 0.39, specimens 0.5 in. in diameter a ratio of 
0.41, and specimens with a diameter of 0.25 or 0.05 in. a ratio 
between 0.43 and 0.44. A steel containing 0.42 per cent carbon 
and having a tensile strength of 74,000 lb. per sq in. had an 
endurance ratio between 0 43 and 0.46 for specimens varying in 
diameter from 0.05 to 1 in., and a 0.57 per cent carbon steel with a 
tensile strength of 102,000 lb. per sq. in. gave an endurance ratio 
between 0.47 and 0 48 for specimens from 0 05 to 0 5 in. in 
diameter. 

140. Relative Results Obtained by Rotating-beam and Axial- 
loading Methods. — There has been much discussion in the 
literature regarding the relative results of the rotating-beam and 
axial-loading tests, but recent careful work by France^^^®^ seems 
to settle the question. On a wide range of materials — open- 
hearth iron with 0 02 per cent carbon and steels containing from 
0.30 to 0.90 per cent carbon — he found no case where the axially 
loaded specimens gave a higher endurance limit than the rotating- 
beam specimens. Open-hearth iron and quenched and tempered 
steels containing 0.45 and 0.87 per cent carbon gave practically 
identical values by the two methods, but the endurance limit of 
the annealed steels as determined by axial loading was only 75 per 
cent of the limit obtained by the rotating-beam test. With 
another steel, containing 0.47 per cent carbon, in the annealed 
condition the endurance limit for axial loading was 80 per cent 
of the limit obtained by the rotating-beam test; in the quenched 
and tempered condition the ratio was 85 per cent instead of 
100 per cent obtained with the two other steels in the quenched 
and tempered condition. 

A recent discussion by Gough and Sopwith^®^®^ dealt with 
reasons why the endurance limit determined by axial loading is 
frequently lower than the limit determined by reversed flexure. 
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One might conclude that the same factors which tend to pro- 
duce a low endurance ratio with the rotatmg-beam tests on 
annealed steels also tend to make annealed steels show lower 
endurance limits for axial loading than with the rotating-beam 
test. Me Adam* thinks it possible that even in uniform metals, 
those with relatively low yield strength and high ductility, 
endurance limits by rotating-beam tests may be higher than by 
axial-loading tests (see also McAdam and Clyne^^®®^- 

141. Accelerated Endurance Tests. — Since endurance tests 
must be carried to so many million cycles, there is a great urge 
to run the tests at a high stress-cycle frequency so as to make 
them require less time It is, therefore, necessary to inquire 
whether the endurance limit will be higher or lower at different 
frequencies and whether, if there is any speed effect, it would be 
different in different steels, so that one may know whether a test, 
carried out at a high frequency, gives reliable data for application 
to service at lower frequency. The rotating-beam machines 
which use large specimens and hence heavy loads develop 
bearing troubles at very high speeds Krouse^^^®^ has designed 
a successful high-speed rotating-beam machine using a rather 
small specimen.! Gill and Goodacre^^^^^ have described a rotat- 
ing-beam apparatus for high-speed testing of small wire. Other 
investigators^^®®’®®^^ have utilized reversed-bending machines in 
which the specimen is driven magnetically or made to vibrate 
by air jets Some of these have reported speed effects, but, as 
has been pointed out,^^^°^ when notable speed effects have been 
found, the test conditions were such as to make the matter of 

* Private communication 

t A new high-speed machine has been recently developed by R R Moore, 
Senior Metallurgist, U S Naval Aircraft Factory, Philadelphia, Pa This 
IS a rotatmg-beam type similar in operation to the previous R R Moore 
machine, but operating at a speed of 10,000 r p m instead of 1750 as did 
the previous machines and the old Farmer machines The new machine 
uses the same specimen as the previous machines so that specimens are 
entirely interchangeable This interchangeability, of course, does not hold 
for the Farmer machines which have>been almost entirely abandoned since 
the development in about 1925 of the R R. Moore machine using the short 
specimen The increase in speed makes one of the new machines equal to 
SIX of the previous machines. A test on steel to the required 10,000,000 
cycles for locating, the endurance limit, which formerly required about 
100 hr to run, can be completed on the new machine in about 16 hr., which 
IS less than one workmg day for a fatigue machine. 
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accurate stress measurement a very difficult one. In some 
cases internal friction may heat the test specimen and thus 
affect the results somewhat, though, as^is pointed out in the 
next chapter, most steels do not have their endurance limits 
greatly altered by a moderate increase above room temperature. 
No reliable conclusions on speed effect can be drawn from those 
test methods whose true stress values are doubtful. Krouse^s 
data indicate that there may be very slight speed effects, but, if 
they exist, they seem to be of very low order of magnitude. 
Results obtained by any method of testing whose manner of 
stress measurement is beyond reproach will probably not be 
vitiated by the speed effect. 

142. Torsional-fatigue Tests. — Torsional-fatigue tests are 
occasionally made, but relatively few data on the results of 
such tests are available. In general, their indications are 
much like those of the rotating-beam tests, but the actual 
magnitude of the torsional endurance limit is smaller As a 
rough approximation it may be assumed that the endurance 
limit in reversed torsion (shear) is between 50 and 60 per cent 
of the tension-compression endurance limit determined by 
the rotating-beam method. Hankins,^^^^^ Moore,^224) Gough, 
and McAdam^®®*^'"*^^ gave values of torsional endurance limit 
ranging from 48 to 64 per cent of the rotating-beam limit. 
Mason carried out extensive work on torsional fatigue. Far 
too few data are available to warrant generalizations regarding 
the effects of carbon or structure on this ratio. 

Moore and Picco^^^^) pointed out that under torsional stress a 
brittle material like cast iron does not fail in shear but under 
diagonal tension, so that endurance limits in flexure and torsion 
are about the same on such materials. They showed that the 
endurance limit in completely reversed torsion runs from 78 to 
95 per cent of that in completely reversed bending (flexure of a 
flat specimen) for a group of cast irons whose tensile strength 
ranged from 44,000 to 76,000 lb. per sq. in. The endurance 
limit in flexure ran from 19,000 to 25,000 lb. per sq. in. and that 
in torsion from 16,000 to 22,000 lb. per sq. in. In this connec- 
tion, Me Adam pointed out* 

that many metals other than cast iron fail under diagonal tension. 
This does not necessarily imply that the torsional fatigue limits in 


* Private communication 
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flexure and in torsion should be the same. In tension there is com- 
pressive stress at an angle of 45 deg to the tensile stress, consequently 
the specimen is under combined mutually perpendicular tensile and 
compressive stresses. This is not the case in a rotating-beam test. 

143. Plotting and Interpreting Data. — The endurance limit is 
the half-stress range, given in the United States as pounds per 
square inch, which a specimen initially subjected to that repeated 
stress will continue to endure for an indefinitely long period 
It is determined by testing a series of like bars, each under a 
different load, and plotting the number of cycles which cause 
fracture against the half-stress range, using a smaller load for 
each new specimen until a load is reached at which the specimen 
does not break in 5 or 10 million cycles Except m the case of 
very hard steels, it may be said that, if a steel specimen endures 
10 million cycles of a certain repeated stress, it will continue for 
an indefinite period to withstand further application of that 
same stress or a lower stress With quenched steels and those 
tempered at low tempering temperatures, fractures may be met 
at 50 or 100 million cycles, but even in such steels the load needs 
to be reduced but little below that for a life of 10 million cycles 
before indefinite life is assured 

While there is some doubt regarding the existence of a true 
endurance limit in the case of certain non-ferrous metals and 
alloys (which may break after hundreds of millions or even 
billions of cycles, so that the endurance properties for them have 
to be reported in terms of the number of cycles used), with steels 
there appears to be a true enduranc^e limit, exprcssiblelnlb. persq. 
in. Equally definite endurance limits may exist for all non-ferrous 
alloys, but in the cases where it requires several runs of many 
billions of cycles to establish whether or not the curve becomes 
truly horizontal, evidence is naturally slow in accumulating. 

The endurance limit is obtained by plotting the stress, S, 
against the number, iV, of cycles producing failure, the endurance 
limit being that stress at which the S-N curve is parallel to the 
N axis. On account of the large number of cycles involved in 
testing, the number of cycles, N, is plotted on a logarithmic 
scale. Stress may be plotted on a logarithmic scale or not, but 
it is ordinarily not so plotted. Some fatigue data reported by 
Moore and Kommers^^®^ are plotted by the sernilogarithmic 
method in Fig. 125. The data are for an ingot iron in the hot- 
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rolled condition and for normalized steels containing 0.37, 0.52, 
and 1.20 per cent carbon. 

The exact shape of the high-stress end of the S-N curve varies 
somewhat with the type of specimen and the manner of loading; 
the curves may or may not show a sharp “ knee^^ at the endurance 
limit. While very interesting facts may be learned from the 
shape of the S-N curve when enough specimens are tested to 
establish its course exactly (and more attention is being paid to 
this), in many reports only endurance limits are given and no 



Fig 125 — Typical stress-cycle curves. {Moore and Kommer8.(^^^) 

mention is made of the shape of the curve itself. Subtle dis- 
tinctions among steels that may be detected from the shape of 
the curve cannot yet be broadly discussed owing to limited 
informatioi\. The following discussion is, therefore, primarily 
confined to the facts brought out by the mere value of the 
endurance limit. 

Some lots of steel show wide scatter of points on the S-N curve 
and, when a sufficiently large number of specimens is tested, most 
steels show a band rather than a line. Were it not for the tedi- 
ousness of endurance testing, it would perhaps be the most 
illuminating method of evaluating uniformity, homogeneity, 
and quality^ ^ of steel that is available. The width of the 
scatter band is a good indicator of the presence of stress raisers. 

B. ENDURANCE LIMIT OF WROUGHT IRON-CARBON ALLOYS 

In the discussion of endurance limits given hereafter emphasis 
is placed on the ratio of endurance limit to tensile strength rather 
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than on actual endurance values. In addition to the relation of 
endurance limit to other properties, the variables which affect 
the endurance limit are also discussed. These include heat 
treatment, cold work, composition, and the effect of the direction 
of prior hot working. 

144. Relation between Endurance Limit and Other Properties. 

An extremely convenient approximation (but only an approxima- 
tion) to a constant ratio between endurance limit and tensile 
strength holds for sound ferrous alloys; the endurance limit is 
roughly half of the tensile strength. This holds for carbon and 
alloy steels of all carbon contents, both east and wrought steels, 
for pearlitic, sorbitic, and troostitic steels, as well as for austenitic 
steels, cast iron, and malleable iron It also holds for cold- 
worked steels Only in the case of very hard steels, such as 
those made essentially martensitic by quenching and which are 
not tempered or which are given only a low-temperature temper- 
ing treatment, is there a notable deviation from this rule.* From 
a soft cast iron with a tensile strength of 20,000 lb per sq. in. or 
an ingot iron with a tensile strength of 45,000 lb. per sq. in. up to 
a hardened alloy steel with a tensile strength of 250,000 lb. per 
sq in. the endurance limits average 50 per cent of the tensile 
strength or very slightly less and the extremes of variation very 
rarely fall outside of the limits 35 and 65 per cent. There are, 
however, no well-established endurance limits of over 125,000 lb. 
per sq. in. on record, and there is a tendency in cast materials 
for the ratio to run a bit lower than 50 per cent, perhaps more 
closely approximating 40 per cent. The approximate ratio of 
50 per cent also holds for tests made at very low and at quite 
high temperatures. The engineer should probably use 40 per 
cent of the tensile strength, where he cannot obtain actual endur- 
ance-limit data, as a safer approximation of the probable endur- 
ance limit to cover a greater proportion of the deviations on 
the low side, and to this approximate figure he should, of course, 
apply a factor of safety. Where design needs to be made on 
the endurance-limit basis, actual^ tests should be carried out. 

The proportionality between endurance limit and tensile 
strength does not hold well enough^to remove the necessity for 

* McAdam (private communication) believes that there may be a dfevi- 
ation (a lower ratio) from this rule for annealed carbon steels or even for 
quenched and tempered low-carbon steels. 
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endurance testing, for a steel having a tensile strength of 150,- 
000 lb. per sq. in. may have an endurance limit as low as 55,000 lb. 
per sq. in. or as high as 95,000 lb. per sq. in. A definite relation- 
ship between endurance limit and tensile strength is not found 
with non-ferrous materials, except possibly for nickel-chromium 
alloys, and no good theoretical explanation has been adduced 
for it in ferrous alloys. 


Brinell hardness number 



Fia 126 — Approximate relation between endurance limit, tensile strength, and 
Brmell hardness. 

Since hardness has an approximately straight-line relationship 
to tensile strength, the correlation of endurance limit and hard- 
ness is equally good. Multiplying the Brinell hardness by 250 
gives a rough approximation to the probable endurance limit of 
steel. Figure 126, after Moore,^®^®^ shows these relationships. 
Houdremont and Mailander^®®^^ gave a distribution curve based 
on results from 170 steels of different compositions and treat- 
ments, showing how uniformly the results group themselves 
about the 50 per cent endu^^nce ratio. 

There is no direct correlation between endurance limit and 
other properties of steel, such as ductility, though ductility quite 
definitely plays a part in the life of a steel section in severe 
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service, since the more ductile steels often have better resistance 
to overstress or shock loading, which they may also have to 
endure in actual service. From mathematical and other con- 
siderations it can be shown that the local stress at a hole in a 
plate, for example, may be 3 times the average stress; yet endur- 
ance tests of specimens containing holes or sharp notches seldom, 
if the material is ductile, show a threefold weakening. In this 
connection, Scorah^®^’'^ compared the endurance limits of stand- 
ard endurance specimens of heat-treated steels with those of 
specimens of the same minimum diameter but having a shoulder 
of larger diameter filleted down to the shaft by different radii 
The stress-concentration factors varied from about 1.2 in a 
specimen with a shoulder of small diameter joined by a fillet of 
large radius in a relatively soft steel up to the theoretical 3 in a 
specimen with a shoulder twice the diameter of the shaft joined 
by practically no radius at all, i e., a sharp shoulder, in a hard 
steel. Only by such extremely abrupt changes in section, or the 
sharpest of notches, does the endurance limit fall as much as 
mathematical theory would indicate. That the actual per- 
formance IS usually better than the theory would indicate is 
probably due to the ductility and possibly to the work-hardening 
capacity of the material. 

Various attempts have been made to find a better correlation 
between endurance limit and some complex function of several 
properties (always including tensile strength) than now exists 
between endurance limit and tensile strength alone. These 
proposed complex formulas frequently attempt to correct for 
the deviation of the endurance ratio from a constant value by 
introducing additive or subtractive factors depending upon yield 
strength, elongation, and reduction of area. Some of these 
formulas appear to be better within limited ranges of values or on 
specific types of steel, but they are not satisfactory for all ranges 
or for all types. 

The simple endurance ratio, the endurance limit divided by 
the tensile strength, is probably the most useful index of endur- 
ance qualities of ferrous materials.* 

* McAdam (private communication) would not limit this usefulness to 
ferrous materials ^-Considering ,qjasses of non-ferrous metals, it can be 
applied just as well For example, a normal endurance ratio of 25 per cent 
can be used for heat-treated duralumm.” 
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145. Variation of Endurance Limit with Heat Treatment. — 

Steels quenched and not tempered, or tempered at very low 
temperatures and thus left in a very hard condition and pre- 
sumably containing high internal stresses, may show low endur- 
ance ratios. Moore found a ratio of 38 per cent for a quenched 
and untempered steel containing 0.41 per cent carbon and 3.5 per 
cent nickel; the Brinell hardness was 520 and the tensile strength 
294,000 lb. per sq. in. Lessells^^^®^ studied brine-quenched speci- 
mens of steels containing 0.42 and 1 per cent carbon. The 
quenched steel, containing 0.42 per cent carbon, after being 
heated in boiling water for 1 hr. had a Brinell hardness of 578, a 
tensile strength of 230,000 lb. per sq. in., and an endurance limit 
of 81,000 lb. per sq. in. The endurance ratio was, therefore, 
only 35 per cent. From length changes resulting when surface 
layers were removed by grinding, it was estimated that the 
matenal tempered merely by heating in boiling water contained a 
residual stress of 110,000 lb. per sq in. On tempering at 310°C. 
(590°F.) for 1 hr. the Brinell hardness fell to 477 and the tensile 
strength to 215,000 lb. per sq. in., but the endurance limit rose 
to 98,000 lb. per sq in., yielding an endurance ratio of 48 per 
cent. The residual stress fell to 30,000 lb. per sq. in. The 1 
per cent carbon steel tempered at 300°C. (570°F.) had a Brinell 
hardness of 495, a tensile strength of 241,000 lb. per sq. in , an 
endurance limit of 112,000 lb. per sq. in , an endurance ratio of 
47 per cent, and no residual stress. At very high hardness and 
strength, the endurance ratio may thus be lower than is indicated 
in the average curves of Fig. 126 if internal stress is present. The 
increase in endurance limit of a water-quenched 0.87 per cent 
carbon steel on tempering at 290 and 425°C. (550 and 800°F.) 
is shown by French^®^^^ in Fig 127. 

It is known that compressing the surface of an endurance 
specimen by actual cold working raises the endurance limit. 
Biihler and Buchholtz^^^®^ pointed out that quenching from 600®C. 
(1110°F.) (below Ai) introduces a compressive stress at the 
surface of a specimen, with a corresponding tensile stress at 
the core; they studied three steels, one of about 0.30 per cent 
carbon, one of 0.57 per cent carbon, and a medium-manganese 
steel, to find if such stress would raise the endurance limit. By 
quenching in ice water from 600®C. (1110°F.) they introduced 
from .35.000 to 48.000 lb. ner so. in. comnressive stress at the 
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surface and found the endurance limit in reversed bending to 
increase by 3000 to 8500 lb. per sq. in. 

After 8,360,000 cycles at the endurance Timit the initial com- 
pressive stress at the surface was found to be decreased prac- 
tically to zero, while some compressive stress still existed below 
the surface, but less than originally existed at that point. The 
tensile stress at the core was also diminished. 



Fig 127 — Effect of tempering temperature on the endurance limit and 
susceptibility to damage by overstress of a steel containing 0 87 per cent carbon, 
0.28 per cent manganese, and 0.28 per cent silicon, water quenched from 760°C 
(1400°F ) {French 

146. Influence of Cold Work on Endurance Limit. — As men- 
tioned above, hardening induced by cold working raises the 
endurance limit, and the increase is approximately proportional 
to the increase in tensile strength and hardness. Aitchison^®^^ 
reported that a cold-drawn steel containing 0.25 per cent carbon 
had a tensile strength of from 80,000 to 92,000 lb. per sq. in. and 
an endurance ratio of 47 per cent; after blueing'^ by heating 
within the range 250 to 550®C. (480 to 1020°F.), a range within 
which the tensile strength is una^ected or is decreased by 10 per 
cent, the endurance ratios varied from 45 to 49 per cent. 

The effect of cold working on the endurance ratio of a 0.18 per 
cent carbon steel is shown by data reported by Moore and Kom- 
mers.^^®^ As received, the steel had a tensile strength of €(!,- 
500 lb. per sq. in. and an endurance ratio of 45 per cent. After 
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stretching so that the diameter was reduced from 0.50 to 0.48 in. 
(tensile strength 67,500 lb. per sq. in.) the endurance ratio was 
52 per cent, and after stretching until the diameter was 0.44 in 
(tensile strength 73,500 lb. per sq. in ) the ratio was 56 per cent. 

The endurance properties of cold-worked and annealed screw- 
machine stock were also studied by Moore and Kommers 
The steel contained 0.20 per cent carbon, 0.67 per cent manga- 
nese, 0.025 per cent phosphorus, 0.09 per cent sulphur, and 
0.03 per cent silicon. In the cold-drawn condition it had a 
tensile strength of 87,000 lb. per sq. in. and an endurance ratio of 
47 per cent. After a stress-relieving anneal at 705°C. (1300°F ) 
the endurance ratio was 47 per cent, and after a full anneal at 
815°C. (1500°F.) the endurance ratio was 43 per cent. 

Severe cold working, such as overdrawing,^^ which tends to 
produce actual or incipient internal fractures or high internal 
stress, not relieved by tempering would be expected to affect 
adversely the properties of steel as it has been observed in non- 
ferrous metals. 622) Temphn,^®®^^ however, failed to find 
evidence of overdrawing in severely worked aluminum alloys 
Dowling and coworkers^®^®^ found an endurance ratio of only 
about 0.25 on very hard-drawn steel wire; an anneal at 450°C 
(840°F ) left the endurance limit practically unaffected, although 
it reduced the tensile strength more than 15 per cent. 

In a comprehensive study of the fatigue properties of medi- 
um- and high-carbon wires drawn from patented (lead- or air- 
quenched) rods Gill and Goodacre^^®^'^®^^ investigated the effect 
of carbon content, the effect of surface conditions, whether the 
limiting fatigue stress could be used to determine the point where 
the wire becomes overdrawn, the effect of reheating at low 
temperatures on the fatigue limit, and other factors. Some of 
these variables are discussed in the section on the effect of surface 
conditions (page 409). In regard to overdrawing these investi- 
gators found that under certain conditions the fatigue properties 
give an indication of overdrawing, but no generalization is 
possible at present.'' 

Gill and Goodacre found further that drafting patented 
medium- and high-carbon rods increases the tensile strength and 
sndurance limit by about the §ame relative amount; the ratio 
thus remains practically the same, This is shown by the fol- 
iowins endurance ratios: 
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Reduction by 
drafting, 
per cent 

Endurance ratio of lead-patented wire 

0 36 % carbon 

0 55 % carbon 

0.79 % carbon 

25 

0 34 

0 31 

0 27 

50 

0 37 

0 31 

0 28 

75 

0 35 

0 30 

0 26 

80 

0 34 

0 30 

0 26 

85 

0 33 

0 27 

0 26 

90 

1 

0 31 

0 27 

0 26 


The endurance tests were made according to the method 
described on page 411, on wire free from decarburization but 
with a surface as it came from the dies. Polishing would have 
raised these ratios by about 25 per cent as is shown by a series 
of tests on the 0.79 per cent carbon lead-patented wire drawn 
72 5 per cent : 

Condition of Surface Endurance Ratio 

Not polished 0 24 

Machine polished 0 29 

Polished with 000 emery 0 30 

In the second half of the investigation, it was found that 
in general there is an increase in the limiting fatigue stress when 
medium- or high-carbon wire drawn from patented rods which 
are free from decarburization is reheated to about 150 to 200°C. 
(300 to 390°F). There is, however, a critical reduction by 
drafting at which point, under certain tempering conditions, 
the limiting fatigue stress may fall considerably below that for 
the as-drawn specimen. This critical reduction by drafting 
becomes progressively lower as the carbon content increases. 
Some of Gill and Goodacre's results are given in Table 80. The 
critical reduction in drafting which is accompanied by a lower 
endurance ratio for the tempered wire is about 80 to 85 per cent 
for the 0.55 per cent carbon steel and about 75 to 80 per cent for 
the 0.79 per cent carbon material. In the latter the ratio, for 
reductions of 75 and 80 per cent and for tempering tempera- 
tures of 150 to 300°C. (300 to 570°F.), is actually lower than 
for the corresponding untempered wire. It should be noted 
that all of the values given in Table 80 were obtained on wire as 
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it came from the die — ^unpolished— and so likely to contain 
minute dfe marks and other surface imperfections. 

Kommers^^^^^ compared hot-rolled ingot iron with a tensile 
strength of 44,500 lb. per sq. in., an endurance limit of 26,000 lb. 
per sq in , and an endurance ratio of 59 per cent with the same 
material as cold drawn, which had a tensile strength of 73,000 lb. 
per sq. in., an endurance limit of 33,500 lb. per sq. in., and an 
endurance ratio of 46 per cent. The tensile strength was 
increased 65 per cent and the endurance limit but 27 per cent. 
Me Adam* suggested that the specimen may have contained 
considerable internal stress. Kommers considered that, since 
the endurance limit of the hot-rolled ingot iron was 3500 lb 
per sq in above its yield strength, the material can be improved 
by cold working up to the point where incipient cracks and 
internal stresses are set up. 

147. Influence of Composition on Endurance Limit. — In 

absolute values, endurance limits naturally increase with the 
tensile strength as carbon increases in normalized and annealed 
steels. However, the endurance ratio may not be constant 
Crook^292) calculated from the data of Gough and others that 
the endurance ratios for steels with different ranges of carbon, 
after annealing or normalizing and after quenching and temper- 
ing, are approximately as follows: 


Carbon, 


Endurance Ratio, 

Per Cent 

Annealed or Normalized 

Per Cent 

0 10 to 0 35 


45 

0 36 to 0 65 


43 

0 66 to 1 20 

Quenched and Tempered 

35 

0 10 to 0 45 


40 to 43 

0 50 to 0 65 


53 

0 66 to 1 20 


48 


He stated that endurance limits calculated from these ratios 
may be in error from 2 to 8 per cent. 

Houdremont and Mailander^s^®®’^ data, summarized in Fig. 
128, are in agreement with McAdam's^^®^^ conclusion that: 

The endurance ratio of ingot iron is higher than that of any pearlitic 
carbon steel. The ratio decreases with increase in pearlite. Experi- 


* Private communication 
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ments with annealed steels of about 0.10 per cent carbon indicate that 
not only the endurance ratio but even the endurance limit is lowered by 
the first addition of cementite to ferrite. The raising of the endurance 
limit by increase of cementite percentage does not keep pace with the 
increase in tensile strength. ... A quenching and tempering treatment 
applied to low- and medium-carbon steels decreases the size of the 
carbide particles and thus raises the endurance limit. By such treat- 
ment of the lower carbon steels the endurance ratio is not greatly 



Carbon, per cent 

Flo 128 — Effect of carbon content on endurance ratio {Houdremont and 

Mailander 

increased With increase m carbon content, however, quenching and 
tempering increases the endurance ratio as well as the endurance limit 

From the data reported by Gill and Goodacre,^^^^^ obtained on 
medium- and high-carbon wires drawn from patented rod, and 
free from decarburization, it appears that an increase m carbon 
results in a decrease in the endurance ratio. This is shown 
by the following table of ratios:* 


Carbon con- 

Endurance ratio, after reduction by drafting of 

tent, per cent 

25% 

50% 

75% 

80% 

85% 

0 36 

0 34 

0 37 

0 34 

0 33 

0 31 

0 46 

0 31 

0 31 

0 31 

0 31 

0 31 

0 55 

0 31 

0 31 

0 30 

0 30 

0 28 

0 79 

0 27 

0 28 

0 26 

0 26 

0 26 


* If these ratios are increased by about 20 per cent so that they are com- 
parable with other ratios which result from fatigue tests on highly polished 
specimens, they fall on a curve similar in slope to the curve m Fig. 128. 
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Peterson* commented that in conversation with him Timo- 
shenko pointed out that, since tensile strength is based on 
original area, the use of the true ultimate strength, based on 
actual area at maximum load, or even the breaking strength, 
based on final area after fracture, would reduce the high endur- 
ance ratios for low-carbon steels. f The ratio between endurance 
limit and cohesion strength’’ is more nearly constant than the 
usual endurance ratio. 

Hatfield^^®^^ tabulated, without comment, the endurance ratios 
of normalized steels of varying carbon content, the ratio being 
0 55 for 0.15 per cent carbon steel, 0.37 for 0.31 and 0 60 per 
cent carbon steels, and only 0 28 for 0.90 per cent carbon steel; 
the absolute value of the endurance limit of the last-named steel 
was less than that of the 0.60 per cent carbon steel. 

Data reported by Moore and Kommers^^®^ for steels containing 
0.37, 0.49, 0.52, 0 53, 0.93, and 1 20 per cent carbon consistently 
show endurance ratios from 0 36 to 0 46 for normalized or 
annealed specimens and from 0.49 to 0.55 for quenched specimens 
tempered at temperatures as high as 650 or 760® C. (1200 or 
1400®F ). Steels softened at still higher temperatures had 
ratios of 0.43 to 0 45. 

Since the endurance limit, however secured, rises with hardness 
at least up to the point where increased hardness is only produced 
with accompanying internal stress, it is obvious that improved 
endurance limits may be accompanied by dangerous brittleness. 
McIntosh and Cockrelb^®^^ tested steels containing about 0.10 
per cent carbon, 0 05 per cent silicon, 0.50 per cent manganese, 
with phosphorus ranging from 0.012 to 0.085 per cent. The 
phosphorus raised the tensile strength from about 53,000 to 
about 58,000 lb per sq in The endurance limit was also raised 
from 26,000 to 32,000 lb. per sq. in., the endurance ratio rising 
from 0.49 to 0.55. When testing for endurance limit on bars 
having a ^‘square” notch (reduced section without fillet), the 
nominal endurance limits were 22,000 and 25,000 lb. per sq. in. 
for the low- and the high-phosphorus steels; thus the higher 
phosphorus steel showed no perceptibly increased susceptibility 

Private communication 

t Me Adam (private communication) wrote that he had tried such ratios 
in 1922 but did not find them appreciably better than the ratio of endurance 
limit to tensile strength 
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to the notch effect over that of the low-phosphorus steel. A 
similar trend was noted by an American Society for Testing Mate- 
rials Committee^®®®^ in vibratory'^ tests on wrought iron with 
phosphorus ranging from 0.05 to 0.47 per cent, where the number 
of vibrations rose from about 9000 to about 31,000 as the phos- 
phorus increased. Of course, the vibratory test is made at such 
high stresses as not to be classed as an endurance test, and the 
endurance limits will not be proportional to the vibratory” 
figures. 

The Joint Committee on Investigation of Phosphorus and 
Sulphur in Steeb^^^^ studied 0 10 to 0 15 per cent carbon steel 
with 0 36 to 0.64 per cent manganese, 0 006 to 0.024 per cent 
phosphorus, 0.002 to 0.06 per cent silicon, and sulphur ranging 
from 0 03 to 0.18 per cent. The tensile strength varied from 

44.000 to 51,000 lb. per sq. in. for annealed, and from 58,000 to 

70.000 lb per sq. in. for quenched material (varying with carbon 
and manganese rather than with sulphur). The endurance 
ratios were from 0.45 to 0 53 for annealed and from 0 46 to 0.56 
for quenched material (only longitudinal specimens were used). 
Torsional strength and endurance limit in alternating torsion 
were also determined, and an approximately constant ratio was 
found. 

It should not be concluded from these tests on very soft steels 
that high phosphorus or large amounts of manganese sulphide 
inclusions might not affect the endurance properties of harder 
steels. 

Claims are often made for the superior fatigue resistance of 
certain alloy steels over carbon or other alloy steels. However, 
when the comparison is made on the basis of the endurance ratio, 
i.e , on the basis of what ought to be expected from the gain in 
tensile strength by alloying and heat treatment, superiority on 
that basis alone is difficult to establish. Other desirable features, 
such as a high elastic ratio, greater ductility, and shock resistance, 
or better resistance to occasional overload, concomitant with a 
high endurance ratio, need to be taken into account in the actual 
serviceability of steel in uses which primarily call for high 
endurance limit but which also involve other factors. 

148. Directional Differences. — Aitchison and Johnson^^^®^ stud- 
ied a normalized steel forging containing 0.29 per cent carbon, 
which had a tensile strength of 80,000 lb. per sq. in. both parallel 



PROPERTIES UNDER REPEATED STRESS 


399 


and at right angles to the direction of elongation. The endurance 
limit was 36,500 lb. per sq. in. for specimens cut parallel to the 
direction of elongation and from 30,000 to 35,000 lb. per sq. in. 
for specimens cut at right angles; the endurance ratio was, there- 
fore, 0.46 for the longitudinal specimens and from 0.38 to 0.44 for 
the transverse specimens. When the steel was quenched and 
tempered to a tensile strength of 90,000 lb. per sq. in., the longi- 
tudinal endurance limit was 44,000 lb. per sq. in. and the trans- 
verse endurance limit 38,000 lb. per sq. in., the ratios being 
0.49 and 0.42. 

McAdam^^®^^ also found that the endurance limits were lower 
on transverse than on longitudinal specimens and pointed out 
that these directional effects will influence the torsional endur- 
ance limit, since in torsion the stress is not applied in the direction 
of the grain. 

Reports of longitudinal and transverse fatigue tests on hard 
carbon steels are very rare in the literature. Such tests were, 
however, reported by Gillett and Mack^^^^^ on a nickel-chromium- 
molybdenum steel (quenched and tempered for a long time in 
order to remove internal stress) which had a tensile strength of 
166,000 lb. per sq. in. and endurance limits of 89,000 and 70,000 
lb. per sq. in. respectively for longitudinal and transverse direc- 
tions The endurance ratios were 0.53 and 0 42. 

Thum and Buchmann^^^^^ stated that endurance limits of 
transverse specimens of soft carbon steel are but 10 to 15 per 
cent lower than those of corresponding longitudinal specimens, 
while with hard carbon and alloy steels the difference is 20 to 
30 per cent. 

Hensel and Hengstenberg^^^^^ found high endurance ratios, 
59 to 65 per cent, on soft materials such as ingot iron and wrought 
iron and found no decrease in endurance ratio on transverse 
tests of wrought iron. The value for the transverse endurance 
was lower, 22,000 lb. per sq in. as compared with 27,000 lb. 
per sq. in. for the longitudinal specimen, but the transverse 
tensile strength was 35,000 lb. p^r sq. in. as against 46,000 lb. 
per sq. in. longitudinally. 

149. Significance of Endurance Data. — The endurance test 
evaluates only one property of the steel and does not tell whethef 
or not other properties meet requirements; thus, a high endurance 
limit may be obtained by high phosphorus with accompanying 
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brittleness, but there is no indication of this brittleness in the 
endurance test. Moore has constantly emphasized this so that 
engineers would not overestimate the indication of an endurance 
test alone. 

Gough cited a case of normalized boiler plate compared 
with the same material ^incorrectly heat treated. In both 
conditions the endurance limit was the same, 31,000 lb. per sq. 
in., when tested in the normal fashion, and even when a test bar 
with poorly rounded fillet (sharp corners) was used, the two 
again behaved alike, giving 18,000 lb. per sq. in. on such an 
endurance test. The static strengths were as follows: 


Property 

Normalized 

Incorrectly 

treated 

Tensile strength, lb per sq in 

62,500 

60,000 

Yield strength, lb per sq in 

43,000 

41,000 

Proportional limit, lb per sq. in 

41,000 

32,000 

Elongation in 2 in , per cent 

42 

31 

Reduction of area, per cent 

63 

59 


The Charpy impact figures, however, were 6 3 ft-lb. for the 
normalized and 0.9 ft-lb. for the incorrectly treated specimen. 
Batson and Hyde^®^^ showed repeated-impact curves for ^‘cor- 
rectly and incorrectly heat-treated boiler plate^’ when tested with 
varying intensities of blows. While at the higher intensities 
the correctly treated one was superior, at lower intensities the 
correctly treated one appeared to be the weaker. However, 
the intensities were all so high that failure ensued after a few 
thousand blows. The poor condition of the incorrectly treated 
steel was not at all revealed by the endurance test but was shown 
up sharply by the single-blow impact test. 

It has been often pointed out and was emphasized by Haigh^®^^ 
that ductile metals act better in actual service involving repeated 
stress than harder ones. Haigh related this to the position of the 
endurance limit with respect to the yield strength. If the 
endurance limit is not far below the yield strength, a slight over- 
load will cause local yielding, relieving the stress and incidentally 
hardening and strengthening the metal at that point, while, if 
the endurance limit is far below the yield strength, an overload 
tenda to start a crack. Kommers^*^*^ argued that th^ conditions 
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are different when the stresses are completely reversed and there 
is not so much opportunity for yielding as in the case of incom- 
pletely reversed stress. Of course, the rate of reversal needs to 
be taken into account in the case of completely reversed stresses, 
because the time during which yielding in one direction can take 
place will have a bearing 

Aitchison^®^^ pointed out that proof load, endurance limit, and 
notched-bar impact resistance are all vital in evaluating alloys 
for service Low-impact material is certainly less desirable for 
most uses in which overloads may occur than high-impact 
material, if both have the same endurance limit, and it may even 
be desirable to choose intentionally a material of apparently 
mediocre endurance limit in order to obtain a better safety factor 
against overload Some engineers are coming to the conclusion 
that, in actual service, damage by occasional overstress is a 
more common cause of fatigue failure than that resulting from 
millions of cycles of ordinary working stress. 

Moore^^^®^ termed the property of resisting occasional over- 
stress without developing a crack crackless plasticity,^^ and 
stated that impact tests, damping tests for evaluating the ability 
of the material to absorb energy, and study of properties under 
repeated stress after a period of overstressing have all been 
suggested as tending to throw light on this elusive property 
French ^®^2^ discussed the last method. 

The endurance limit appears to be a definite and possibly a 
fundamental property of steel, though its value may be slightly 
influenced by variations m the method of testing, just as the 
tensile strength is a definite property but may also be slightly 
affected by the test method. If the actual stress at any point, 
no matter how minute, exceeds the endurance limit and is 
often enough repeated, the steel will fail If the steel can 
yield and harden locally, raising its endurance limit at the 
affected portion and at the same time reducing the local stress to 
one below the new local endurance limit, no damage is done, 
but, if the local overstress is maintained and often enough 
repeated, a sharp crack starts and progresses to failure. The 
nominal stress applied to a specimen in the endurance test is 
doubtless much below the actual local stress at stress raisers, 
the individual points where non-metallic inclusions are present 
in the interior of the metal or where scratches, notches, or sharp 
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changes of section are present on the exterior. If any oi these 
stress raisers act to produce a higher local stress than is calculated, 
the steel responds to the actual stress rather than the calculated 
one. 


C. ENDURANCE LIMIT OF CAST IRON-CARBON ALLOYS 

Cast steels, cast irons, and malleable irons are now recognized 
as high-grade materials of construction, and for many applica- 
tions their fatigue characteristics are important Compared 
with wrought steels there are few data available on these three 
matenals, too few to permit of an accurate evaluation of the 
fatigue characteristics. 

160. Cast Steel. — According to Moore,^^^^^ cast steels con- 
taining about 0 25 or 0 30 per cent carbon have endurance ratios 
between 40 and 50 per cent, the as-cast specimens showing the 
lowest ratio, and annealed, normalized, or quenched and tem- 
pered specimens usually giving higher ratios Tapsell and 
Clenshaw^^^^^ reported that a cast steel containing 0 53 per cent 
carbon and having a tensile strength of 99,000 lb per sq. in. had 
an endurance limit of only 27,000 lb per sq. in., yielding a ratio 
of 28 per cent 

Some interesting data on cast steel obtained by Garre and 
Grathoff^^'^^^ and reported in a recent note are listed in Table 81 
The steel contained 0 18 per cent carbon, 0 25 per cent silicon, 
and 0.4 per cent manganese. Specimens were tested both in the 
as-cast condition and after annealing for 20-min periods at 
several temperatures. Unfortunately, the number of cycles 
on which the endurance limits were based was not stated, but it is 
probably safe to assume that the values are based on an adequate 
number. The steel was cast under conditions which produced 
a coarse structure, and the improvement produced by annealing 
may exaggerate normal conditions. Annealing at temperatures 
of 500, 700, or 800°C. (930, 1290, or 1470°F ) did not change 
the ratio of torsional endurance limit to tensile strength, but 
annealing at 900 or 1000°C. (1650 or 1830°F.) markedly increased 
this ratio. The increased ratio was not accompanied by an 
appreciable increase in strength or hardness, but it was accom- 
panied by a great increase in impact resistance. Annealing above 
the upper critical temperature thus greatly improves both the 
ductility and fatigue properties of a coarse-grained cast steel. 
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Table 81 . — ^Torsional Endurance and Other Properties of a Cast 
Steel Containing 0 18 Per Cent Carbon, 0 25 Per Cent 
Silicon, and 0.4 Per Cent Manganese* 


Annealing 

temperature 

Tor- 
sional 
endur- 
ance 
limit, 
lb per 
sq in. 

Tensile 
strength, 
lb. per 
sq in 

Ratio of 
torsional 
endurance 
limit to 
tensile 
strength 

Yield 
strength, 
lb. per 
sq. in 

Elon- 

gation, 

per 

cent 

Reduc- 
tion of 

area, 

per 

cent 

Impact 

resist- 

ance, 

m-kg 

per 

sq cm 

Brinell 

hard- 

ness 

°C 

OJP 

N< 

)ne 

14,200 

54,500 

0 26 

27,900 

16 9 

20 3 

1 29 

115 

500 

930 

15,100 

65,900 

0 27 

29,300 

16 7 ! 

21 9 

1 26 

112 

700 

1290 

15,400 

67,600 

0 27 

28,800 

24 6 

23 8 

1 33 

113 

800 

1470 

15,700 

68,000 

0 27 

29,900 

24 3 

41 8 

1 40 

114 

900 

1650 

19,900 

61,200 

0 32 ! 

36,200 

22 7 

42 0 

4 74 

117 

1000 

1830 

21,400 

62,100 

0 34 

36,400 

25 4 

50 2 

5 97 

121 


* Garre and Grathoff 


161. Cast Iron. — Eight cast irons studied by Moore and 
coworkers*^^*'^**' ranged in tensile strength from 20,500 to 

31.000 lb. per sq. in. and had endurance limits from 7000 to 

12.000 lb. per sq. in. Their endurance ratios ranged from 33 
to 46 per cent with an average of 37 per cent. Kommers<*"> 
studied ten irons having tensile strengths from 23,000 to 51,000 lb. 
per sq. in. and endurance limits from 12,000 to 24,000 lb. per 
sq. in. Their endurance ratios ranged from 43 to 57 per cent 
with an average of 49 per cent and did not vary in any consistent 
manner with the strength of the irons; a weak iron might show a 
fairly high ratio and a strong iron a fairly low one. 

Twenty-four irons studied by Kommers in connection with the 
American Society for Testing Materials’ investigation of impact 
properties*^®* gave an average endurance ratio of 50 per cent, 
the range being 43 to 63 per cent. 

A soft iron studied by Allen, as mentioned in discussion of a 
paper by Bolton and Bornstein,*®”* had a tensile strength of 
31,500 lb. per sq. in. and an endurance ratio of 48 per cent, while 
a high-test iron had a tensile strength of ’45,000 lb. per sq. in. and 
an endurance ratio of 50 per cent. 

Pfannenschmidt*'®** reported an endurance ratio on a molyb- 
denum alloy cast iron of Sver 80 per cent, but this is evidently 
not a true ratio since PfannehSohmidt remarked that the tensile 
specimens were taken from a part of the casting which was of 
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greater thickness than that from which the endurance specimens 
were taken. He reported a ratio of 40 per cent on a chromium 
iron that was ^Hoo hard and brittle.^' After disregarding such 
cases, he concluded that the endurance ratio for unalloyed cast 
iron runs from 45 to 50 per cent and that for alloy cast iron from 
55 to 65 per cent. 

Moore and Picco^’'^^^ studied five lots of high-test cast iron 
which included a molybdenum iron, a nickel iron, and two low- 
silicon unalloyed irons. Of the latter, one contained 3.07 per 
cent carbon, 1 26 per cent silicon, 0.90 per cent manganese, 0.08 
per cent sulphur, and 0.15 per cent phosphorus and, tested as 
cast, gave 25,000 lb. per sq. in. tensile yield strength (0 1 per cent 
set) and 48,000 lb. per sq. in. tensile strength, 41,700 lb. per sq. in. 
compressive yield strength (0.1 per cent set) and 147,000 lb. 
per sq. in. compressive strength with 187 Brinell The endurance 
limit in completely reversed flexure was 21,000 lb. per sq in., 
an endurance ratio of 44 per cent 

In this same iron, oil quenched from 870®C (1600®F.) and 
tempered at 540°C. (lOOC^F.), the tensile yield strength and 
tensile strength increased to 41,800 and 76,500 lb. per sq. in. 
and the corresponding compressive properties to 76,000 and 183,- 
000 lb. per sq. in. The Brinell increased to 255. The endurance 
limit, however, increased only to 25,000 lb. per sq. in., an endur- 
ance ratio of but 33 per cent. Heat treatment, therefore, 
reduced the endurance ratio from 44 to 33 per cent. 

Another iron of 3.18 per cent carbon (of which 0 83 per cent 
was combined), 1.34 per cent silicon, 0.89 per cent manganese, 
0.09 per cent sulphur, and 0.11 per cent phosphorus, which was 
tested only as cast, showed 255 Brinell, 33,400 and 55,000 lb. per 
sq. in. tensile yield and tensile strengths, respectively, and 
75,500 and 159,000 lb. per sq. in. for the corresponding compres- 
sive properties. This material had a 22,000 lb. per sq in. 
endurance limit, i.e., an endurance ratio of 40 per cent. 

The Brinell hardness does not reflect either the tensile strength 
or the endurance limit so closely in cast iron as it does in steel. 
The endurance ratios of the four irons as cast fell in the range 
39 to 44 per cent. That for the heat-treated iron was decidedly 
lower, 33 per cent, but in view of the fact that Moore had previ- 
ously found as low a ratio in a soft untreated iron, it cannot be 
concluded that this is characteristic of heat-treated cast irons 
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Since recorded ratios for cast iron vary from 33 to 63 per cent 
with no indication from the ordinarily determined static proper- 
ties what ratio to expect, direct experiment to establish the 
endurance properties of a given cast iron seems at least as 
imperative as with steel. 

A very important property of cast iron is its low susceptibility 
to notches. Kommers^®^^^ found no reduction in endurance 
limit in the softest iron when ordinary specimens were replaced 
by specimens with a square-shouldered notch, but in stronger 
irons with less graphite the notched specimen gave lower results. 
This is shown in Table 82 

Table 82 — Effect of Notches on the Endurance Limit of Cast Irons* 




Endurance limit 

Iron 

number 

strength, 
lb per 
sq m 

! 

1 

A — Standard 
specimen, lb 
per sq m 

B — Notched 
specimen, lb 
per sq in 

Decrease 

X 100, 

per cent 

1 

20,000 

9,300 

9,300 

0 

2 

23,200 

11,800 

11,200 

5 1 

3 

I 30,300 

15,000 

13,700 

8 6 

4 

37,100 

19,500 

16,300 

16 4 

5 

42,500 

24,100 

19,100 

20 7 


* Kommers 


Kaufmann^^^®^ studied a pearlitic iron of 3.19 per cent total 
carbon, 1.09 per cent silicon, 0.82 per cent manganese, 0.12 per 
cent phosphorus, and 0.13 per cent sulphur. It had a tensile 
strength of 38,000 lb. per sq. in. and an endurance limit of 
14,000 lb. per sq. in.; the same endurance limit was obtained 
with an ordinary bar as with specimens having two types of 
notches. Gunther,^^^®^ who used an iron containing 3.40 per cent 
total carbon, 1.90 per cent silicon, 0.60 per cent manganese, 
0.66 per cent phosphorus, and 0.13 per cent sulphur and having 
a tensile strength of 21,500 lb. per sq. in., also found a lack of 
susceptibility to surface notches. 

Cast iron has a high damping capacity^®®®^ (see Fig. 89, page 
282), and this property is suggested by von Heydekampf^*f®^ as & 
reason for its lack of susceptibility to surface notches in fatigue. 
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Other explanations refer to the ‘‘looseness of structure^^ and to 
the cushioning effect of the graphite. 

The question of damping properties is being given much 
study, especially by Foppb®®®^ of the Wohler Institute in 
Germany. Esau and Kortum* claimed that a series of deter- 
minations of damping capacity will show the endurance limit 



Fig 129. — Relative damping capacity of (1) cast iron, (2) case-hardened 
steel, (3) silicon steel, (4) nickel-manganese steel, (5) nickel-chromium st^l, 
(6) chromium steel, and (7) red brass The circles indicate the relative damping 
capacity corresponding to the endurance limit of the material {Piwowarsky 

of a metal, though this, like allegations with respect to many 
other accelerated methods suggested for the determination of 
endurance limits, needs very strict proof before acceptance. 

Piwowarsky^s^^®^^ Fig. 129 indicates the relative damping of 
cast iron, five steels, and red brass. While, as he stated, the 
damping capacity may have some relation to the endurance limit, 
the relation, as is evident from Fig, 129, is not simple or direct. 

* German Patent 568,910, Jan. 5, 1933. 
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It is quite probable that, as more knowledge of damping 
properties is obtained, some relationships between damping, 
crackless plasticity,’^ and the suitability of materials under 
repeated stress will become more evident. While the damping 
properties of iron-carbon alloys are undoubtedly properties of 
great importance, the state of knowledge is not sufficient to allow 
their evaluation at present. (See Chapter XVII for a further 
discussion of the damping properties of iron-carbon alloys.) 

Only one set of published data on American malleable iron was 
mentioned in the A.S.T.M. Symposium^^^®^ on that subject, 
the same data having been given previously by Schwartz.^®^^ 
According to that study, a malleable iron had an endurance of 
25,000 lb. per sq. in., which is about 50 per cent of the tensile 
strength of this type of material. A malleable iron of 50,500 lb. 
per sq. in. tensile strength, tested ^t the Battelle Memorial 
Institute, had an endurance limit of 27,000 lb. per sq. in., yielding 
an endurance ratio of 53 per cent. Kommers* stated that three 
lots of malleable iron of 50,000, 55,000, and 65,000 lb. per sq. in. 
tensile strength each gave endurance ratios of 51 per cent. Speci- 
mens of the 50,000 tensile lot, tested with a square notch, gave 
an endurance limit of about 19,500 lb. per sq. in., a lowering 
of some 6000 lb. per sq. in., or 24 per cent, from that of the 
unnotched specimens. From Table 82, page 405, it will be 
seen that these notched and unnotched endurance limits are 
consistent with the trend of the data for cast irons 

D. FACTORS AFFECTING ENDURANCE LIMIT 

There are a number of variables which control the life of a 
ferrous material in service when subjected to repeated stresses. 
Among these are: (1) notches or anything which leads to local 
stress concentration; (2) surface condition, which includes 
decarburization and may include small notches and other stress 
raisers; (3) overstressing, which may seriously damage the 
material; and (4) understressing. The first three usually lower 
the endurance limit, understressing on the contrary may actually 
increase it. In addition to the effect of these variables on the 
endurance limit as usually determined, the present chapter divi- 
sion also includes a brief discyssi^n ^^f repeated impact. 


* Private communication. 
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162. Notches. — Surface notches tend to decrease the endurance 
limit of a material, as has been shown by many investigations 
of the endurance of specimens which were scratched, which had 
notches of various depths and sharpness, or which had holes 
drilled through them. The technique of making such tests is 
so different with different workers that no detailed comparison 
of the susceptibihty of different carbon steels to reduction of 
fatigue resistance by such stress raisers can be made effectively. 

Faulhaber, Buchholtz, and Schulz^®®®> found that a definite 
notch, or a number of tiny notches such as are present on any 
save a perfectly polished surface, are more detrimental upon 
specimens of large than upon those of small diameter; z.c., there 
is a definite size effect when stress concentration is introduced 
By taking into account, in the case of a circumferential notch, 
the ring formed by the diameter of the specimen, the core 
diameter determined by the depth of the notch, and the flanks 
of the notch, and calculating the moment of resistance of this 
ring, Faulhaber, Buchholtz, and Schulz claim to correct for the 
size effect and for the sharpness of the notch and thus to make it 
possible more accurately to determine notch sensitivity as a 
true constant of the material. 

Characteristic results on notched specimens were given by 
Peterson, who studied a heat-treated alloy steel of 103,500 lb. 
per sq. in. tensile strength and 58,000 lb. per sq. in. endurance 
limit (endurance ratio 56 per cent). The endurance limit of a 
shaft with a profiled key way (calculated on net section) was 
33,300 lb. per sq. in. A normalized 0.45 per cent carbon steel of 
80,000 lb per sq. in tensile strength, 37,000 lb. per sq. in. endur- 
ance limit, and an endurance ratio of 46 per cent gave a notched 
endurance limit with this keyway of 27,400 lb. per sq. in. The 
percentage decrease of endurance limit was so much greater 
in the harder steel that the effective endurance strength of the 
softer steel as a keywayed shaft was only 6000 lb. per sq in. 
below that of the harder steel instead of 15,000 lb. per sq. in. as 
for the unnotched specimens. 

The curves in Fig. 130, from Mailander,^®^®^ show the influence 
of a particular notch in reducing the apparent endurance limit 
of steels of different strengths. As these curves show, the 
influence on the fatigue strength increases as the tensile strength 
increases. The figure also shows that austenitic steels are not 
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so greatly affected by a notch as other steels. The greater 
severity of the notch effect in steels of higher strength is also 
shown by Fig. 131, from a pamphlet of the Verein deutscher 
Ingenieure.^™ 

McAdam and Clyne^’^®^ pointed out that materials with high 
capacity for work hardening, like the austenitic stainless steels, 
are less sensitive to notch effects than those with little capacity 
for work hardening (such as steels already heat treated to higt 
tensile strengths). They consider work-hardening capacity of 


Tensile strength, thousand lb per sq m. 

0 30 60 90 120 150 180 210 lAQ 



0 20 40 60 80 100 120 140 160 180 

Tensile strength, kg persg mm 

Fig 130 — Relation between endurance limit and tensile strength for polished 
and notched specimens. {MaiXUnder 

more direct influence upon endurance properties than damping 
capacity. They evaluated work-hardening capacity by means 
of the ratio between ordinary tensile strength and true breaking 
stress. 

In discussing the key way problem, Gough concluded that a 
softer steel which can yield to local overstress without propagat- 
ing a notch when actually stressed above its yield strength will 
yield locally, while in a harder steel with an endurance limit far 
below its yield strength the yield point is not reached and the 
crack propagates. Hankins and^ord^®®^^ remarked that other 
things being equal, the steel possessing the highest Izod value 
appears to be the best one to select for a spring.^' 

163. Surface Condition. — In studying carbon and alloy spring 
steels, Hankins and coworkers^^^^*^®^*^^^ found that a spring- 


Endurance iinnit,fhousoHxl lb per sq in 
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.tempered 0.60 per cent carbon steel, when tested as a polished 
specimen, had an endurance limit of 85,000 lb. per sq. in., but 
that, when tested as an actual spring, the endurance limit was 
only 22,500 lb. per sq. in. The lowering of the endurance limit 
was ascribed both to surface stress raisers and to the presence 


Tensile strength, thousand lb per sci m 
60 60 100 120 140 160 180 200 



30 40 50 60 70 60 90 KX) no 120 130 140 ISO 

Tensile strength, kg. per sq mm 

Fio 131. — Relation between endurance limit and tensile strength for speci- 
mens having the following surfaces, a, polished, b, ground, c, roughened, d, 
circumferential V-notch, e, rolling skin, /, corroded in tap water, and g, corroded 
in salt water (V D.I. Pamphlet. 

of a soft decarburized surface layer. In rotating-beam tests or 
under reversed bending stresses the surface is the most highly 
stressed portion and, if a crack starts there, it may be propagated 
into the harder and stronger body of the steel. Austin<^®®> 
separated the factors of surface polish and decarburization .by 
running tests on properly polished specimens of a steel with and 
without a decarburized surface layer. The steel contained 
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0.38 per cent carbon and 1.51 per cent manganese. Ip the 
normalized condition it had a tensile strength of 112,000 lb. per 
sq. in. and an endurance limit of 47,000 lb. per sq. in. when not 
decarburized (ratio 0.42), but with a decarburized skin the tensile 
strength was unchanged and the endurance limit was only 38,- 
000 lb. per sq. in. (ratio 0.34). • 

As mentioned on a previous page, Gill and Goodacre^^®^^ 
studied the effect of surface condition of ‘^patented'' carbon-steel 



Fig 132 — Effect of carbon content on the limiting fatigue stress of wires drawn 
from decarburized lead-patented rod (Gill and Goodacre 

wire upon endurance, using a Haigh-Robertson fatigue-testing 
machine. This machine rotates a wire which is bowed out by 
end thrust to produce higher stress at the mid-length than at the 
grips and thus allows testing the wire without giving it a reduced 
section. The machine operates at the high speed of 14,000 cycles 
per min. They found that the endurance limit of medium- and 
high-carbon wires drawn from patented rods which had a thin 
decarburized skin — 0.002 in. thick — ^was so greatly affected by 
this decarburized surface that the effect of carbon content and 
of amount of drafting was almost completely masked. Thi^ is 
evident by comparing Fig. 132, the endurance limits of the 
decarburized specimens, with Fig. 133, Which shows the endur- 
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ance limits of wire of the same composition, drawn with the same 
reductions but from rod from which the decarburized skin had 
been removed by machining. In the latter the endurance limits 
reflect clearly the effect of carbon content and of amount of 
drafting. As shown in Figs. 133 and 134, the endurance limit 
increases with the amount of cold working, but, as noted on page 
391, the endurance ratio changes very slightly. As is also evident 
from Fig. 133, the limiting fatigue stress increases with the 
carbon content for all degrees of cold working used by Gill and 



Fig 133 — Same as Fig 132, but rods were not decarburized {Gtll and Good- 

acre 


Goodacre, but, as the tensile strength is affected to a somewhat 
greater degree, the ratio as shown on page 393 is lower for the 
high-carbon steels. All of the steels tested had a relatively low 
ratio, varying from 26 to about 37 per cent. 

Gill and Goodacre determined the limiting fatigue stress on 
wire with the surface in the condition which it had when it came 
from the dies (both with and without a decarburized skin). 
These investigators showed, in the case of 0.79 per cent carbon 
steel, that polishing the surface with 000 emery to remove die 
marks and other slight imperfections raised the endurance 
limit some 25 per cent. As quoted on page 393, a specimen 
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containing 0.79 per cent carbon, free from decarburization, had a 
ratio of 0.24 as it came from the dies; after polishing, the ratio 
was 0.30. 

The possibility of correlating fatigue strength and overdrawing 
in drafting is also mentioned on page 392. There was evidence 
of overdrawing in the 0.79 per cent carbon wire which had a 
decarbunzed skin and which was reduced 75 per cent or more in 
drafting but none in the same wire drawn from rod which was 
not decarbunzed. An important feature of this investigation 



Reduction of areo by drawing, per cent 

Fig 134 — Endurance curves of 0.79 per cent carbon patented wire, drawn 
from rod free from decarburization. (pill and GoodacreS’’^^^) 

is the attention paid to results at stresses, above the endurance 
limit, that cause relatively early failure. While it is beyond 
the scope of this monograph to discuss all the high-stress results 
of Gill and Goodacre on specimens with decarburized surfaces. 
Fig. 134 gives some interesting data on the way the stress for 
125,000 cycles life increases above 75 per cent reduction. 

High-carbon steel wire (0.77 per cent carbon), quenched and 
tempered and galvanized, was studied by Shelton,^^®^^ who used 
an ingenious method. With the galvanized coating on the wire 
the tensile strength was between 215,000 and 230,000 lb. per 
in. and the endurance limit was only 51,000 lb. per sq. in., an 
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endurance ratio of 23 pter cent. Removing the brittle zinc layer 
by pickling, but leaving a rough surface, raised the tensile 
strength to 228,000 lb. per sq. in. and the endurance limit to 
69,000 lb. per sq. in., a ratio of 28 per cent, while polishing the 
surface raised the endurance limit to over 100,000 lb. per sq. in., 
a ratio of over 44 per cent. The sensitivity to surface cracks, 
notches, and roughness is thus clearly shown. Additional 
data, including axial-loading tests at various stress ranges, 
have been more recently reported by Shelton and Swanger.^®^®) 

Under conditions of repeated stress where the maximum 
stress' is applied at the surface, a strong, high-carbon skin, as in 
case-carburized steel, greatly raises the endurance limit over that 
of the core. Woodvine^^'^®^ and later McMullan^^®®^ discussed 
the stress distribution in a duplex material and the relations 
between endurance limits in case and core which will bring the 
nucleus of failure in a rotating-beam specimen of carburized 
steel below the surface rather than at the surface. Moore^^^^^ 
showed that by deeply carburizing iron (the case extending one- 
fourth the diameter of the test specimen), the endurance limit 
was raised from 26,000 to 68,000 lb. per sq. in , but he com- 
mented that this increase would not be so marked under axial 
loading. Hensel and Hengstenberg^®^^) made axial-loading tests 
on very deeply carburized ingot-iron specimens and found the 
endurance limit to rise only from 28,000 to 45,000 lb. per sq. in 
About the same ratio of increase was met in deeply carburized 
wrought iron, the endurance limit rising from 26,500 to 40,500 lb. 
per sq. in. These authors made the interesting observation that, 
although the inclusions in soft wrought iron did not have much 
effect upon the endurance limit, when the material was carburized 
failure occurred at the fillets, t.e., at locations of stress concen- 
tration, though these were of the proper radius to prevent 
fracture there in materials which are not brittle. Stress raisers 
or inclusions thus have a much worse effect in very hard iron- 
carbon alloys than in soft ductile materials. 

A nitrided skin has a strengthening effect in fatigue which is 
similar to that of a carburized case. Harder^^®®> collected infor- 
mation on this subject. As the nitriding steels are usually 
alloyed steels, they are not discussed here. 

Another method of producing a fatigue-resistant surface layer 
that will be effective in rotating-beam tests or in stressing by 
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repeated bending is cold working the surface. Along with 
other alloys, Doring^®®®^ used a 0.35 per cent carbon steel for 
testing after rolling a cylindrical specimen under pressure of 
three rollers. Such cold working of the surface of this steel 
raised the endurance limit of the specimens from 8 to 12 per cent. 
Several articles^^®® ®®^-®®®’^®^^ giving detailed results of the behavior 
of specimens whose surfaces are cold worked m various ways have 
recently appeared in the reports of the Wohler Institute. 

Zander^ showed that a chisel mark on an endurance speci- 
men is not so severe in its action in lowering the endurance limit 
of a soft steel as is a notch of similar shape and depth machined 
into the surface, which may be attributed to the beneficial cold 
working of the material at the base of the chisel mark. 

164. Overstressing. — Cold work that distorts the material 
increases hardness and endurance limit. However, specimens 
on the high-stress end of the S-N curve, i c., run at an overstress 
but at an alternately reversed one, are not measurably distorted 
at normal speeds of endurance testing They may, nevertheless, 
show a hardening analogous to that of cold working Moore 
and Ver^-^®^^ found increased hardness of Armco iron and 0.20 per 
cent carbon steel in unfractured but overstressed metal in rotat- 
ing-beam tests. Such specimens, tested in tension, showed 
markedly lower reduction of area than specimens not over- 
stressed. In this work the rotating-beam specimens had two 
reduced-diameter necks, and the tests were made on the unbroken 
neck after fracture had occurred at the other. The hardened 
material was, therefore, classed as ‘‘fatigue damaged.^^ 

The fact that repeated overstress at sufficient intensity and 
for a sufficient number of cycles causes damage (and, as is pointed 
out later, that understressing causes improvement) is utilized 
in fatigue testing to ascertain whether the endurance limit has 
actually been reached after a large number of cycles. After 
running at one stress, the stress upon the specimen is increased, 
and the life of the specimen at the second, higher, stress compared 
with that of a second specimen^ of the virgin material initially 
loaded at this higher stress. If the life is materially shorter 
than that of the second specimen, “fatigue damage^^ is shown 
at the initial stress, and that initial stress is taken as bepjg 
above the true endurance limit for virgin material. If, on the 
other hand, the life at the higher stress is materially above that 
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oi the second specimen, improvement of the material at the 
initial stress is shown, and this stress is taken as not being above 
the endurance limit, Johnson and Oberg^^^®^ used this method 
to good effect on duralumin, and it has been much used on 
steel its application also was discussed in A.S.T.M. 
reports. 

Moore and Wishart^®^^^ tentatively suggested that a series of 
test bars be run, each at different stresses for about 1.5 million 
cycles, then removed and tested in tension, when material 
improved by understressing will show slightly higher tensile 
strength and ‘^fatigue-damaged^^ material a slightly lower one. 

Nevertheless, it is possible for a specimen to withstand a 
limited number of repetitions of overstress without its life being 
lowered when tested further at the endurance limit of a virgin 
specimen. Moore and Kommers^^^^^ stated: 

A stress which is a considerable percentage above the endurance limit 
may be applied from 1000 to 5000 times without greatly influencing the 
fatigue strength under subsequent application of lower stresses. Results 
on a heat-treated 0.49 per cent carbon steel in the sorbitic condition 
showed that a stress 10 and 20 per cent above the endurance limit 
applied 5000 times, a 29 per cent overstress apphed 1000 times, and a 
38 per cent overstress applied 100 times did not appreciably reduce the 
endurance limit as subsequently determined. However, an overstress 
of 35 per cent applied 1000 times reduced the endurance limit 4 per 
cent, while an overstress of 29 per cent applied 5000 times reduced the 
endurance limit about 1 1 per cent. 

A heat-treated 1.20 per cent carbon steel in the sorbitic condition 
whose original endurance limit was 50,000 lb. per sq. in. was subjected 
to 20 per cent overstress for 5000 and 10,000 cycles, respectively. 

The endurance was reduced 12 per cent and 14 per cent respectively 
Comparing the result of 20 per cent overstress applied 6000 times in the 
case of the 0.49 per cent carbon steel, whose Brinell hardness was 197, 
and the 1.20 per cent carbon steel, whose Brinell hardness was 369, 
it is seen that the harder steel was much more influenced by the over- 
stress than the softer steel. It should be noted here that the absolute 
value of the overstress was practically the same in the two cases, because 
the endurance limits did not differ greatly. 

A definite number of cycles of a certain degree of overstress 
can thus be withstood without lowering the endurance limit 
Gough said: 
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It is apparent that for any degree of overstress there is a limiting 
number of repetitions below which the fatigue range of the material 
is not affected; further, that this limiting number decreases as the 
amount of overstress increases. The influence of the overstress is also 
obviously greater on the hard than on the softer steel, a result which 
would be expected. 

It was shown by French^®^^^ that in some rare cases, perhaps 
ascribable to a precipitation-hardening effect induced by stress, a 
preliminary overstress may even raise the endurance limit, 
though, of course, too high a stress or too many repetitions of it 
cause damage. 

As French pointed out, there is a ‘‘damage line^' positioned 
below the high-stress portion of the S-N curve and conforming 
more or less to its shape (see Fig. 127). Hence, the location of 
the high-stress branch of the S-N curve, which is often not accu- 
rately determined because too few specimens are used, may be 
useful in evaluating the ability of a given steel to withstand 
overstress. 

The matter is complicated by the fact that, at such high 
stresses that the proportional limit is materially exceeded, the 
calculated stress is only a nominal one^^^'*^ and the static stress- 
strain diagram has to be taken into consideration. Unfortu- 
nately, the shape of the curve is somewhat dependent upon 
the test conditions, z,6., shape of specimen, manner of loading, 
etc., so that evaluation of the behavior of steels of different 
carbon content and different grain size and structure by this 
method cannot yet be made conclusively on the basis of published 
data. Uniform test methods will be required in order to elimi- 
nate variables other than those to be studied. 

166. Understressing. — The fact that repeated stressing below 
the endurance limit may improve the material so that when 
retested at a higher stress it lasts far longer than a virgin bar 
would, had it initially been tested only at the higher stress, has 
been observed by many in fatigue of 

metals. ^ 

While the material is not measurably distorted, it is hardened 
and strengthened. Up to 30 per cent increase in endurance limit 
has been secured in this manner by Gough, and Moore^*®^^ 
has noted over 40 per cent increase. The hardness and tensile 
strength are also increased. 
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The phenomenon of strengthening by understressing appears 
to be a general one in steel, though it is not clear just how closely 
the endurance limit must be approached or how many cycles 
must be applied to secure a given degree of strengthening. 
Most observers^ seem to agree that ingot iron is hardly 
susceptible to strengthening by this means, since only 3 to 6 
per cent improvement has been obtained by some, while Kom- 
mers^^^^ found only a 10 per cent improvement on understressing 
ingot iron. 

Swanger and France^^^^) noted that quenched and tempered 
steels were strengthened by understressing but that annealed 
carbon steels were not. However, Moore^^^^^ found distinct 
strengthening in an annealed 0.49 per cent carbon steel, as well 
as in several normalized steels, and Freeman, Dowdell, and 
Berry^^^^^ found it well marked in rail steel. Although ingot 
iron showed little effect, Moore and Jasper^ found that 
wrought iron was perceptibly strengthened. Moore, Lyon, 
and Inglis^^^®^ have reported strengthening in cast iron, and 
Kommers^^^^ found that soft cast iron of 20,000 lb. per sq. in. 
tensile strength and a virgin endurance limit of 9300 lb. per sq. 
in., stressed at 9000 lb. per sq. in. for 1.5 million cycles or more 
(up to 40 million), had a new endurance limit of 11,600 lb. per 
sq. in. or a 25 per cent improvement. Stressing for 20 million 
cycles at 9300 lb. per sq. in. raised it 31 per cent to 12,300 lb. 
per sq. in., while 20 million cycles at 6500 to 8000 lb. per sq. in 
raised it only 16 per cent to 10,800 lb. per sq. in. He has also* 
found malleable iron of 50,000 lb, per sq. in. tensile strength 
capable of 10 to 15 per cent improvement by understressing. 

It is obvious that, because the properties are affected by 
understressing in the early part of the test,^^*^®^ endurance limits 
cannot be correctly determined by a step-up'^ method, t.e,, by 
running a single bar at a low stress and raising the stress by steps 
till it breaks. 

166. Repeated Impact. — Resistance of a material to repeated 
impact does not necessarily vary directly with the endurance 
limit; the test as ordinarily carried out does not appear to 
measure a simple and fundamental property of a material. 

One might expect that a repeated-impact test on notched 
bars might show the service-endurance properties, combining 

* Private communication. 
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the effect of the magnitude of the endurance limit and the 
propensity toward notch propagation. Mathews, quoted by 
Gillett and Mack,^^®^^ expressed the opinion that the repeated- 
impact test does measure ability to stand overload. Most 
repeated-impact tests have been made at such high intensities 
of blow that failure ensued after a few thousand blows. Accord- 
ing to Aitchison^®^^ and McAdam^^®^^ different steels can be rated 
by the results of repeated-impact tests in approximately the 
same order as determined by single-blow notched-bar tests, 
provided the stresses for the former produce failure after a few 
hundred or thousand blows. For lower stresses which produce 
fracture after 100,000 or more blows, the order in which steels 
may be rated by repeated impact is the same as when rated by 
fatigue tests. For intermediate stresses which produce failure 
by repeated impact after more than a few thousand but less 
than 100,000 blows, the data cannot be readily interpreted. 
Owing to the lack of data on different steels over a wide 
enough range of intensities of blow, evaluation of the effect of 
carbon in steel by means of the repeated-impact test cannot yet 
be made effectively. 

E. CORROSION FATIGUE AND PROTECTIVE COATINGS 

If iron or steel is corroded and then subjected to repeated 
stress, the corrosion pits or roughness on the surface lower its 
endurance limit. According to McAdam and Clyne,^^®®^ a 
correlation of considerable data on the influence of prior stressless 
corrosion on fatigue has shown that the results are applicable to 
a study of the influence of notches on the fatigue of metals. 
The effect of such chemically formed notches’^ is usually ^‘due 
less to general loss of section than to stress concentration caused 
by corrosion pits.” 

If corrosion occurs simultaneously with repeated stress (called 
stress corrosion or corrosion fatigue by McAdam and Clyne), 
as when a stream of water plays upon an endurance-test specimen, 
the effect is much more marked^* Under such conditions the 
strongest heat-treated or cold-worked, but corrodible, steel 

* Gougli and Sopwith<®**> allege that this is not the case, on the basis of 
their study of a single crystal of aluminum which did not pit under corrosive^ 
conditions. This sin^e observatioir, however, can hardly be taken as over- 
throwing the generally accepted belief. 
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behaves almost as poorly as the weakest, annealed, but equally 
corrodible, material. 

167. Corrosion Fatigue. — Steels which have an endurance limit 
of as much as 100,000 lb. per sq. in. when not under corrosive 
influences may, when under corrosive conditions, show a value 



spray {Gough and Sopwith 

of only 20,000 ± 5000 lb. per sq. in. Furthermore, for corrodible 
steels, there is probably no definite stress at which they will 
indefinitely resist a repeated stress, t.e., they may have, under 
some corrosive conditions, no true ‘^corrosion-fatigue limit.’' 
The stress-cycle curves shown in Fig. 135, from Gough and 
Sopwith,^®^®^ for a carbon steel tested in a salt spray show that 
even after 100 million cycles no endurance limit had been found. 
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Since the corrodibility of iron and the iron-carbon alloys — 
steels, cast and malleable irons — ^while distinguishable, is of 
the same order of magnitude (in comparison with the more 
corrosion-resistant alloys such as those of iron with sufficiently 
high chromium contents or of copper with a variety of allo 3 dng 
elements), differentiation of the iron-carbon alloys according to 
resistance to corrosion fatigue is a difficult matter Much 
more depends on the corrosive environment than upon variations 


Tensile strength .thousand lb persq in. 

15 30 45 60 75 90 105 120 135 f50 165 



Tensile strength, kg persq mm 

Fio 136 — Endurance limits of carbon and alloy steels tested in air and in water 
{McAdam'a data as interpreted hy Maildnder 


in the composition and structure of the iron-carbon alloys. 
Hence, the interested reader is referred for specific details to a 
large number of papers by Me Adam,* to an extended summary 
by Gough,^^^®^ to a briefer one by Moore,^®^^^ and to a recent 
r6sum6 by McAdam and Clyne.^^®®^ 

Suffice it to remark here that over the range of compositions 
of plain carbon steels from ingot dron to 1.10 per cent carbon, 
whether quenched and tempered or annealed, neither increase in 
carbon content nor improvement in tensile strength due to heat 
treatment is efficacious in improving performance under coip-* 
* See bibliography, reference Nos.' 189, 220, 221, 222, 269, 270, 322, 323, 
324, 388, 389, 390, 472, 473, and 648 
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bined corrosion and repeated stress. This is conveniently shown 
in Fig. 136, plotted by Mailander^®®^^ from McAdam's data. 

Obviously, it is the corrosion resistance rather than the 
resistance to repeated stress in air that counts most heavily. In 
other words, the skin of corrosion products must be flexible 
enough to stand repeated stress without rupture or failure to 
keep the corroding medium away from the metal at every point. 
Plain carbon and low-alloy steels do not have such skins, and 
only such films as those of the type formed upon the high- 
chromium steels are effective in resisting cyclic stress without 
cracking. 

During the period in which corrosion and repeated stress are 
acting, within the life of a corrodible steel, the time during which 
corrosion acts is as important as the number of stress cycles 
applied. Hence the higher the rate of repetition of stress the 
higher the apparent corrosion-fatigue limit — the lower the rate, 
the lower the corrosion-fatigue limit Therefore no single stress 
can be set as this limit without stating all test conditions. The 
interrelations among the variables, as worked out by McAdam, 
are complex. 

Since nothing much can be done to combat corrosion fatigue 
by alloying — except using steels containing high chromium — or 
by heat treatment, engineering attention has to be focused, when 
the ordinary carbon and low-alloy steels are used under repeated 
stress under corrosive eonditions, upon preventing corrosion by 
some film or coating. . 

168. Protective Coatings. — Inhibitors, such as chromates, were 
studied by Speller, McCorkle, and Mumma^®^^^ and by Gould, 
who found that a limited degree of protection can be afforded 
where it is possible thus to alter the composition of the corroding 
medium. Under most corrosive service conditions too much 
inhibitor is required to make the method practical. 

A more generally applicable method is the use of metallic 
protective coatings; obviously coatings that are cathodic to the 
base steel will only be effective when the coating is perfect and 
continuous. The relatively small effect of such a metal coating 
when not absolutely perfect is shown by Honeger^s tests, quoted 
by Gough. A steel of 43,000 lb. per sq. in. endurance limit 
in air gave the same after chromium plating. In a water stream 
the unplated steel had an endurance value of about 20,000 lb. 
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per sq. in. on the basis of 200 million cycles, and the chromium- 
plated specimen a value of 25,000. According to Cleaves and 
Thompson, chromium, although anodic in the usual order 
of the electrochemical series, behaves as a neutral coating which 
neither inhibits nor accelerates corrosion electrochemically. 
On the other hand, tests by McAdam^®^^^ with heat-treated 
chromium-vanadium spring steel indicated that a cadmium 
plating, 0.0002 in. thick, more than doubled the fatigue limit 
under corrosion by fresh tap water. Cleaves and Thompson^’®^^ 
stated that, although cadmium is cathodic to iron in the usual 
electrochemical series, it may be anodic in tap water. 

Some plated steels apparently have lower endurance limits in 
air, without corrosion, than the same steels unplated. Lea^®^®^ 
and Inglis and Lake^®^^^ found that nickel plating lowered the 
endurance limit of a 0.14 per cent carbon steel about a third 
and suggested that this may be due to the propagation of a 
crack from the coating through the steel itself. The question 
of notch propagation has been summarized^^^®^ from this point 
of view. Barklie and Davies^®^®^ discussed the problem from 
the point of view of stresses in the electrodeposited coatings. 
From the point of view of prevention of corrosion fatigue, 
anodic coatings of zinc or cadmium (cadmium, as stated above, 
being probably anodic to iron in sufficiently dilute solutions of 
some electrolytes) have had most attention. 

Shelton's data on air fatigue of steel with hot-galvanized 
coatings have already been cited (page 413). Haigh^^^^^ and 
Gough ^^ 23 ) applied hot-galvanized coatings to paravane towing 
cables which were failing in service in sea water with a resulting 
vast improvement in life, i.e,, in resistance to corrosion fatigue, 
although, as Swanger and France^^’'^^ have shown, the air endur- 
ance of hard steels is reduced by hot galvanizing. Electro- 
plated zinc or cadmium coatings upon initially smooth steel 
surfaces were found, according to Swanger and France, not to 
reduce the air-endurance limit. Harvey^®’^^’*^^*^ has indicated 
that, where pickling embrittled or^roughened the surface, the air 
endurance fell from that cause; but he has also shown that, if 
that can be avoided, the plated steel should have about the same 
endurance under corrosion fatigue as in air fatigue as long 
the plating remains sufficiently complete and iippervious. 
Harvey ascribed the protection of cadmium to the Inipervious- 
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ness and flexibility of the skin of corrosion products rather than 
to electrochemical protection by the metallic cadmium. 

Temporary embrittlement by hydrogen absorbed in plating 
was discussed by Lea/®^®^ and Vollmer and Westcott^^^®^ found 
that plain uncoated carbon steels became temporarily embrittled 
by moist hydrogen sulphide, with disastrous results under 
repeated stress. Prevention of access of hydrogen sulphide to 
the steel by galvanizing was effective. In this case a copper 
coating was also found useful. 

Gough and Sopwith^®®^*'^®®^ reported some tests in vacuum to 
see whether ‘‘air corrosion^^ was a factor in fatigue. While 
they reported ^ome such effect on an annealed 70 : 30 brass, 
which observation needs corroboration by other observers before 
acceptance, the two steels tested showed no detectable difference 
between air and vacuum. 

F. AUTHOR’S SUMMARY 

1. Iron and steel have a fatigue or endurance limit which 
is a definite property of the material in the same sense as the 
tensile strength is a definite property. This limit represents 
the maximum stress that can be indefinitely applied as alternate 
compression and tension to the material without producing 
failure. This stress may or may not be above the proportional 
limit of the material. 

2. The endurance limit is obtained by subjecting different sam- 
ples of the material to reversed stresses and determining the 
number of cycles of the reversed stress necessary to produce 
failure. If the number of reversals, iV, required to break the 
specimen is plotted against the stress, S, and a smooth curve is 
drawn through the points, the endurance limit is the stress at 
which the curve becomes parallel to the N axis. 

3. The rotating-beam test is most frequently used for deter- 
mining the endurance, but axial loading is sometimes used. 
Endurance limits accurately obtained by the latter type of test 
are not greater than those accurately obtained by the former. 
Differences between results obtained by the two types of tests 
may be due primarily to inhomogeneity of the material or to the 
effect of small discontinuities such as scratches and inclusions; 
the influence of these factors is greater upon the axially loaded 
specimen because of the greater volume stressed. 



PROPERTIES UNDER REPEATED STRESS 


426 


4. For sound wrought ferrous alloys the endurance limit should 
be roughly half of the tensile strength. The ratio of endurance 
limit to tensile strength is called the ‘^endurance ratio.'' While 
as a first approximation it may be assumed that the endurance 
ratio is 50 per cent, the ratio is not sufficiently constant to make it 
unnecessary actually to determine endurance limits. Very hard 
steels have a low endurance ratio, probably due to the existence 
of internal stresses. Naturally, the fatigue limit is also roughly 
proportional to the Brinell hardness, because the Brinell hard- 
ness and tensile strength are proportional, but it bears no 
certain relationship to any other property. 

5. Variations in composition or treatment which influence 
hardness and strength also influence the endurance limit. Cold 
work increases endurance limit as well as strength. A material 
may have a high endurance limit and yet be dangerously brittle, 
and endurance limit alone cannot be used for determining the 
suitability of a material for certain commercial applications. 
Cold working to such an extreme that incipient internal cracks 
are formed or high internal stresses introduced lowers the endur- 
ance limit and endurance ratio. The effect may not be marked 
upon the static properties; thus endurance testing may be a means 
of detecting too drastic cold working. 

6. Steels in the as-cast condition generally have a lower 
endurance ratio than heat-treated cast steels. Endurance ratios 
of from 37 to 50 per cent have been reported for cast iron. Cast 
iron IS less susceptible than steel to stress raisers such as scratches 
or notches. High-strength cast irons appear to be somewhat 
more affected by notches than the low-strength irons. 

7. Quenched and tempered steels tend to have higher endur- 
ance ratios than annealed or normalized steels. The endurance 
ratio of quenched steels and of those tempered at low tempera- 
tures is usually low, rising with higher tempering temperatures 
and then falling as the fully softened condition is approached. 
Other conditions being similar, in normalized and annealed steels 
there is a tendency for the endurahce ratio to fall as the carbon 
increases, 

8. A decarburized skin greatly lowers the endurance limit. 
Overstressing may, and usually does, seriously damage tte 
material, though some materials will stand some overstressing 
and, to a degree, may be benefited by it. Understressing may, 



426 


THE ALLOYS OF IRON AND CARBON 


and in -most alloys does, actually raise the endurance limit. 
Materials vary in their susceptibility to damage by overstress 
and to improvement by understress. 

9. Repeated-impact tests yield values which may be cor- 
related with endurance limit when failure occurs after a great 
number of blows, and values which may be correlated with 
single-blow impact result when failure is brought about by a 
small number of blows. 

10. There is probably no true corrosion-fatigue limit. Cor- 
rodible ferrous alloys do not exhibit great differences in resistance 
to corrosion fatigue. 

11. Highly corrosion-resistant steels, such as those of high 
chromium content, are much superior to the plain carbon steels 
under repeated stress and simultaneous corrosion • Zinc or 
cadmium coatings are useful upon carbon steels subject to 
simultaneous corrosion and repeated stress as long as they remain 
continuous. If the surface of the steel is roughened in the 
process of applying the coatings, the stress raisers so produced 
may adversely affect the endurance. Inhibitors which prodvee 
protective films (passive surfaces) on steel are effective to some 
degree, but many corrosive conditions require too high a con- 
centration of inhibitor to make this method of protection com- 
mercially useful. 

12. The endurance properties of metals and alloys are detri- 
mentally affected by notches, keyways, or anything that leads to 
local stress concentration. The harder steels are more adversely 
affected by notches than the softer ones, so much so that with 
severe notches there may be no great difference between the 
notched endurance strength of two steels which in the unnotched 
condition show great differences. Most fatigue failures in 
actual service occur in parts subject to stress concentration and 
to occasional overstress. A combination of toughness, such as 
is evidenced by high resistance to the single-blow notched-bar 
impact test, and high endurance limit best serves to combat 
such conditions. 
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EFFECT OF TEMPERATURE ON PROPERTIES: 

I. SHORT-TIME TESTS 

General Trend of Static Properties — General Trend of Dynamic 
Properties — Properties at Temperatures below the Blue-heat Range — 
The Blue-heat Range and the Range of Secondary Brittleness — Cast 
Ferrous Alloys — Authors Summary 

Little information is available on the effect of temperature 
on the properties of ^'pure’’ iron-carbon alloys, but a very exten- 
sive literature on the properties of commercial steels at high 
and low temperatures is listed m bibliographies and summa- 
nzed in symposia, reports, books, and comprehensive articles * 
This literature contains upward of 1500 references. Notwith- 
standing the fact that a large amount of work has been done and 
£he data are excellently summarized, many fundamental facts 
about high- and low-temperature properties of carbon steels 
cannot yet be stated definitely. 

The technique of testing at other than room temperature is 
difficult, the equipment expensive, and the work, especially 
elevated-temperature creep testing, very tedious. Carbon steels 
lose strength so markedly at high temperatures that alloy steels 
and special heat-resisting alloys are universally used where 
service conditions are unusually severe; the attention of investiga- 
tors, therefore, has been largely given to alloy steels rather than 
carbon steels. 

High-temperature properties of metals are determined by two 
principal methods: (1) short-time tests which, as is self-evident, 
are made by heating the specimens to the desired temperature, 
holding at this temperature until thermal equilibrium is 
attained, and then testing; and (2) long-time, or creep, tests in 
which the time factor and the stress which causes failure at the 
given temperature are considered to be, of equal, or almost equal, 
importance. Although a large part of the attention paid to 
* See bibliography, reference Nos. ^2, 67, 78, 110, 163, 187, 204, 212, 244, 
260, 328, 368, 380, 430, 431, 462, 496, 660, and 716. 
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high-temperature testing has, in the last few years, been on the 
determination of creep, both short- and long-time tests have 
their advantages in determining the fitness of a material for 
industrial use, and both have received attention in this mono- 
graph; the former — short-time tests — in the present chapter, 
and the latter in the next chapter 

The effect of subnormal temperatures on ferrous alloys is 
determined by short-time tests, usually by impact. The proper- 
ties so determined are of importance in evaluating the worth of 
a steel to be used in the construction of refrigerating machinery, 
aircraft which may operate at high altitudes, and structural 
steels used in very cold climates. 

A. GENERAL TREND OF STATIC PROPERTIES 

As a general rule, the hardness and strength of a metallic 
material vary inversely with the temperature, while the ductility 
varies 'directly However, not only does the rate of change of 
properties vary with temperature, but in some alloys actual 
maxima or minima are observed in curves representing a property 
as a function of temperature. For example, many steels havg 
a lower strength at room temperature than at somewhat higher 
or lower temperatures. In order really to determine just how 
the properties of a steel vary with temperature, it is not only 
necessary to test the material over a wide range of temperatures, 
but tests must be made at rather small temperature intervals. 

The data discussed in the first part of this chapter were 
obtained on wrought carbon steels; the elevated-temperature 
properties of cast materials are discussed at the end of the 
chapter (pages 479 to 491). 

169. General Relation of Tensile Properties to Temperature,— 

A picture of the change in strength of steels with varying carbon 
content, over a wide range of temperatures, is given in the early 
report of Robin^^®^ (see Fig. 137) in which crushing tests are 
described which were made at temperatures ranging from that of 
liquid air to at least 1100®C. (2010®F.). His data on strength at 
hot-working temperatures may be supplemented by those of 
Ellis, shown in Fig. 138, who also gave curves (not here 
shown) for five steels containing 0.90 per cent carbon, which 
closely follow the curve in Fig. 138 for the steel containing 0.85 
per cent carbon. These data show that the increased strength 
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T e mperaiure , deg C 



Fia. 137 ■ — Effect of temperature on the impact energy absorbed in crushing 
untreated carbon steels {Robin 
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four carbon steels (Elha <“»)) 
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imparted by an increase in carbon content is retained to some 
degree at all temperatures, even in the austenitic range, 

Grun^^®^^ made short-time tensile tests at 400, 500, and 600°C. 
(750, 930, and 1110®F.) on steels with carbon from 0.05 to 0.40 
per cent, which indicate that at the higher temperatures little 
if any strength is added by increase in carbon from 0 30 to 0.40 per 
cent. He also applied at 400 and 500°C. (750 and 930°F.) 
so-called accelerated creep tests of a type which, as is discussed 
later, is not generally accepted as giving reliable information 

Temperature, deg C 



steels and a cast iron 

on the long-time load-carrying ability but which can be con- 
sidered as short-time tensile tests made more slowly than usual. 
These tests indicate that even within a few hours the difference 
in apparent strength conferred by the carbon content is largely 
lost, t.c., the higher carbon steels show a much smaller degree of 
superiority. 

Compression tests made by Petrenko^^®®^ at the National 
Bureau of Standards on wrought iron and steels of 0.10, 0.32, and 
0.95 per cent carbon at temperatures ranging from room tem- 
perature to 1100®C. (2010®F.) indicate similar tendencies. With 
these may be compar#^^ later compression tests by Sale,<^®^^ 
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made on slender columns of structural steel from the point of 
view of fire resistance in buildings. Higher strength was shown 
at around 250®C. (480®F.) than at room temperature, but above 
that temperature range the strength decreased rapidly. 

The hardness values for several steels and a cast iron at 
various temperatures, as reported by Brinell,^®^ Kurth,^^®^ and 
Ito,(ioo) shown in Fig. 139. Naturally, the Brinell hardness 
bears almost a direct relationship to the crushing strength, and 
the curves shown in Figs. 137 to 139 should show the same trend. 

Figure 140, prepared by French and Tucker, shows the 
tensile properties of several carbon steels at various temperatures. 
Some of the data shown in the figure were taken from papers by 
Hadfield^^^^ and Dupuy.^®^^ 

Values shown in Fig. 139 indicate that it may not be correct 
to draw smooth curves connecting room-temperature and liquid- 
air-temperature properties, as is done in Fig. 137. It seems more 
probable that the curve is flatter just below room temperature 
and steeper near liquid-air temperature. Figure 137 is in 
error also in showing the peak in strength at 450®C. (840°F.), 
for it actually is nearer 300°C. (670®F.), as shown in Fig. 140. 
That the change in properties somewhat below room temperature 
is more gradual is also indicated by data from Guillet and Cour- 
not^^^^ given in Table 83. 


Table 83. — Hardness of Electrolytic Iron and Steels at Low 
Temperatures * 


Matenal 

Brmell hardness at 

20°C 
(70°F ) 

-20°C 

(-4‘’F) 

-80°C 
(-110°P ) 

Liquid- 
air tem- 
perature 

Electrolytic iron 

80 

77 

77 

269 

Soft steel (0 1 % C) 

110 

107 

114 

273 

Medium steel (0 33 % C) 

176 

174 

190 

286 

Hard steel (0 79 % C) 

230 

230 

1 

231 

330 


* Guillet and Cournot 


Johnson and Oberg^^^u found that a cold-rolled steel con- 
taining 0.28 per cent carbon had the following properties at room 
temperature and at ~40®C. (— 40®F.): 
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Property 

Room 

temperature 

O 

o o 

O O 

I 

Tensile strength, lb per sq in 

89,000 

102,000 

Yield strength, lb per sq in 

68,000 

77,000 

Brinell hardness 

175 to 179 

183 to 192 


A cold-drawn steel containing 0.46 per cent carbon had the 
following properties: 


Property 

Room 

temperature 

-40°C 

(-40°F) 

Tensile strength, lb per sq m 

175,000 

184,000 

Yield strength, lb per sq in 

129,000 

139,000 

Brinell hardness 

288 

306 


A general picture of the change in behavior of steels at elevated 
temperatures is given by Fig. 141 from Welter/^®^ which^hows 
complete short-time stress-strain diagrams from room tempera- 
ture to 500°C (930°F.), at lOO^C. (180®F.) intervals, for four 
annealed carbon steels of the following analyses: 


Element 

Percentage 

Carbon 

0 37 

0 48 

0 74 

0 85 

Manganese 

0 76 

0 46 

0 78 

0 25 

Silicon 

0 4 

0 25 

0 04 

0 3 


160. Anomalies at Certain Temperatures. — The data shown in 
Figs. 137 to 141 were obtained by observations made at tempera- 
ture intervals too large to bring out clearly the variations which 
may exist in certain temperature ranges. Abrupt changes 
occur at the critical ranges, as Sauveur^^^ showed. He gave 
data on short-time tension and torsion tests for steels of different 
carbon contents in which particular attention had been paid 
to the higher temperature ranges and to the jogs which occur in 
the curves at the critical points. Some of the data are shown 
in Figs. 142 to 146. * The torsiolr tests were made on rods 0.25 in. 
in diameter; the reduced section had a length of 0.5 in. What is 
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termed ‘‘torsional strength^^ represents the load required to 
break the sample and is not the shearing strength. The “factor 
of stiffness^^ was obtained by dividing the breaking load by the 



Fig 141 — Stress-strain curves of four carbon steels tested at elevated tempera- 
tures {Welter. 

twist, which represents stress in arbitrary units divided by strain. 
Small irregularities occurring at the critical temperatures have 
been omitted from Figs. 144, 145, and 146. An earlier paper 
by Sauveur^^^’^^ dealt with the subject in a more qualitative 
way. 
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There is a temperature range for material such as ingot iron 
in which hot working is not feasible. This is just at the lower 
end of the austenite range. Sauveur pointed out that at a 
temperature near 900°C. (1650°F.) austenite is stronger and less 
ductile than is alpha iron just below that temperature, but that 
with further increase in temperature austenite becomes weaker, 
more ductile, and is again amenable to hot working Newelb®^^^ 


Fig 



142 — Effect of temperature on the tensile strength and Brmell hardness 
of electrolytic iron and a 0 10 per cent carbon steel (Sauveur 


has collected evidence which generalizes this statement since it 
seems to hold for austenites of widely varying composition. 
He concluded that improvement in, high-temperature ductility 
may be effected by the addition of elements which tend to form 
ferrite. He further concluded that, in some of the alloy aus- 
tenites at least, the higher carbon contents do not impair the 
ductility of austenite compared with the ductility of comparable 
austenite which is almost carbon-free. He pointed out that, 
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while the high-temperature ductility in static tests is improved 
by so altering the composition that it consists, of two phases one 
of which is ferrite, yet the hot working of the duplex alloy may 
be attended by difficulties. 



Fig. 143 — Effect of temperature on the tensile strength and Brmell hardness 
of a 0 76 per cent carbon steel {Sai^vtvr 

The red-short^' or critical working'^ range in ingot iron is 
from 900®C. (1650^F.) to about 1065°C. (1950°F.). With 
increasing carbon the lower limit of existence of austenite is at 
lower temperatures. Owing to this and to the effect of carbon 
in the austenite, hot working is again feasible, so that the red- 
short range of austenite is met only in very low carbon materials. 
The presence of certain alloying elements in austenite also tends 




Number of twists Lood required to break the bar, lb 
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Temperature, deg F 



'iQ 144 — Effect of temperature on the torsional strength of ingot iron and 
carbon steels {Sauveur 



Fig 145 — Effect of temperature on the number of twists withstood by ingot 
iron and carbon steels {Sauveur 




438 


THE ALLOYS OF IRON AND CARBON 


to remove hot shortness Kenyon/^®^^ however, ascribed the 
critical working range to the high ratio of sulphur to manganese 
in ingot iron and stated that with a sulphur content which does 
not exceed approximately 0.01 per cent the material is workable 
in this range. Sauveur, in discussion, challenged this explana- 
tion, considering the one outlined before as preferable. 

Tempera fu re^ de^ F 


ZOO 400 600 800 1000 1200 1400 1600 1800 



Temperature, deg C 

Fig 146 — Effect of temperature on the factor of stiffness of ingot iron and 
carbon steels {Sauveur 

161. Elastic Moduli.* — Owing to the large effects of rate of 
loading and time of application of load at the higher tempera- 
tures, neither the location of the proportional limit nor the 
data for the modulus of elasticity, Young^s modulus, are highly 
exact. Figure 147 from Tapselb^®®^ shows how the modulus 
decreases with increasing temperature and how widely the values 
scatter. The line for alloy steels^^ was given by Orrok/^^®^ 

* Th^ modulus of elasticity of iron-carbon alloys at room temperature is 
discussed in Chapter XV. 
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Values for 0.40 per cent carbon steel given by Wilhelm^^^^) agree 
fairly well with the curve given by Tapsell. All of the carbon 



Temperoiturejdeg C 


Fig 147 — Variation with temperature of modulus of elasticity of carbon and 
low-alloy steels {Tapsell 


steels wore averaged by Tapsell and their actual moduli given 
as follows : 


Temperature 

Modulus, milhon lb. 


1 

°F. 

per sq in 

20 

70 

30 0 

100 

210 

29 2 

150 

300 

28 6 

200 

390 

28 1 

250 

480 

27 5 

300 

570 

26 9 

350 

660 

26 2 

400 

750 

25 2 

450 

840 

23 7 

500 

930 

21 1 
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The moduli of elasticity of three annealed carbon steels at 
different temperatures as reported by Welter^^^^ are given in 
Table 84. The uncertainty of the values for the higher tempera- 
tures is so great that it is not possible to determine from Wei ter ^s 
values whether the rate of decrease in modulus with temperature 
is influenced by the carbon content. 


Table 84 — Modulus of Elasticity for Several Carbon Steels at 
Different Temperatures* 


steel 

number 

Composition, 
per cent 

Modulus of elasticity, million lb 

per sq in , at 

C 

Mn 

Si 

20°C 
(70°F ) 

100°C 
(210°F ) 

200®C 
(390°F ) 

300°C 
(670°F ) 

400°C 
(760°F ) 

600°C 
(930°F ) 

1 

0 37 

0 76 

0 4 

28 8 

28 2 

28 0 

26 9 

24 3 


2 

0 49 

1 05 

0 68 

30 0 

32 2 

28 5 

27 3 

21 6 

19 9 

3 

0 74 

0 78 

0 04 

31 2 

27 9 

29 4 

24 9 

15 5 

12 7 


* Welter 


Elastic moduli for carbon steels and ingot iron at elevated 
temperatures were also given by Lea and Crowther^^^^ and by 
Lea.^^^ The curve for ingot iron from room temperature to 
300°C. (570°F.) showed a smooth decrease in elastic modulus 
from 29 million lb. per sq in. to about 22.5 million lb per sq. 
in. at the highest temperature. 

Honegger^^*^^ recently determined Young^s modulus for a 
medium-carbon steel and several alloy steels over the range from 
room temperature to 600®C. (1110®F.). He used both static 
and dynamic methods At temperatures above 300°C. (570°F.) 
there was an appreciable difference between values determined 
statically. Mitinsky^®^^ studied the modulus of steel up to 
800°C. (1470®F.). 

Recently reported values of elastic moduli for an annealed 
medium-carbon steel at temperatures up to 500®C. (930°F.) are 
shown in Fig. 148 from Ver»4/®^®^ The values determined 
dynamically were considered to be more nearly correct than those 
determined statically. Poisson's ratio was calculated from 
values of the moduli. As may be observed from Fig. 148 and 
the data listed above, Verse's values of a modulus of elasticity 
are in good agreement with those selected by Tapsell.^^^*^ 
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Ludewig^^^®^ studied the torsional modulus of a spring steel 
containing 0.61 per cent carbon, 1 51 per cent manganese, and 
0.14 per cent silicon, which had been oil quenched from 830°C. 
(1525°F.) and tempered at 295°C (560°F.). At room tempera- 
ture, the torsional modulus was about 10.8 million lb. per sq. in.; 
at 360°C. (680°F.) it had fallen to 10.4 million, and from that 
temperature it decreased linearly to about 9.5 million at 500°C. 
(930^F.). 


Tempenoi+une,deg F 

200 400 600 800 



Fiq 148 — Variation of modulus of elasticity E, modulus of rigidity G, and 
Poisson’s ratio /a with temperature, for a medium-carbon steel (Fer«^ (*^3)) 


Temperature coefficients of the modulus of elasticity of several 
high-carbon steels were recently determined by Keulegan and 
Houseman. ^®26) determining these temperature coefficients 

they worked in the range —50 to +50®C. (—60 to -t- 120°F.). 
The coefficients for the carbon steels were from —20.1 X 10~® to 
— 27.1 X 10~®. If the coefficient is —25 X 10”® and the 
modulus at 0®C. (30°F.) is 30 million lb. per sq. in., the modulus 
at — 60°C. ( — 6Q®F.) would be 30.4 million lb. per sq. in., and at 
50®C. (120®F.) it would be 29.6 million lb. per sq. in. Keule- 
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gan and Houseman also determined the temperature coefficient 
of the modulus of rigidity for the same steels; it varied from 
—20.1 X 10“® to —27.3 X A few data on the effect of 

subnormal temperatures on the modulus of elasticity are given 
on page 459. 

B. GENERAL TREND OF DYNAMIC PROPERTIES 


Most of the values which show the effect of temperature on 
the impact resistance of carbon steels have been determined at 



Fig 149 — Effect of temperature on the Charpy impact resistance of ingot 
iron and low-carbon structural steels {Epatein,^^^^^) 

subnormal temperatures and are, consequently, discussed in 
sections 165 and 166 (pages 456 and 462) . A few data, mostly by 
Epstein, on high-temperature impact resistance are reproduced in 
the following section. Few investigations on fatigue properties 
at temperatures above or below normal have been made, too few 
to permit any broad generalization of the effect of temperature 
on this property. 

162. Impact Resistance. — Figure 149 from Epstein^^^o) shows 
curves of temperature versus impact resistance for several low- 
carbon structural steels. The steels were in the hot-rolled 
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condition, and the values shown were obtained by the Charpy 
test. The precipitous drop in impact values with decreasing 
temperature in the neighborhood of room temperature is charac- 
teristic of many commercial low-carbon steels, as has been shown 
by other investigators. 


Temperature, deg F 

0 30 60 90 120 150 180 210 240 270 



Fig 160. — Effect of temperature on the Izod impact resistance of brittle 
(0 08 per cent oxygen) and ductile (0 057 per cent oxygen) ingot irons (Hensel 
and HengstenbergJ^^^y) 


The fact that materials who^e ordinary analysis would not 
lead one to expect a difference in impact properties may neverthe- 
less show a difference at room temperature is proved by the data 
of Hensel and Hengstenberg^®^^^ shown in Fig. 150. The curves 
are for Izod impact values of two specimens of ingot iron of the 
following analyses : 
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If an impact resistance of 20 to 40 ft-lb. is taken as the approxi- 
mate dividing line between brittle and ductile materials of this 
composition, Fig. 150 shows that the high-oxygen specimens 


- H2-58H3 32 77 122 
^^1 I [ IAs roiled 


Temperature , deg F 

212 302 0 32 77 150 0 32 77100150 0 32 77)00150 200 

"1 TT—i — r 1 1 "i~r"Tri — 

I Compressed Compressed Compressed 

^ /ron 5 per cent 9 per cent 17 per cent 




i 




IS 

1 






-80 -50 -25 0 25 50 100 150 -18 0 25 66H8 0 253866-180 2538 66 93 

Temperature, deg C 

Fig 151. — Effect of temperature on the Charpy impact resistance of ingot iron 
and low-carbon structural steels as rolled and as cold compressed {Epstein 

were ductile only at temperatures above 75°C (165°r.); the 
lower oxygen specimens, on the contrary, were ductile at all 
temperatures above normal. 

Epstein^s^^^*^^ data, shown in Fig. 151, indicate that different 
structural steels show great differences in susceptibility to 
embrittlement by cold work and that embrittlement is brought 
about by the shifting of the steep portion of the temperature- 
impact resistance curves to higher temperatures. Other data 
reported by Epstein also bring out the great differences in cus- 
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ceptibility to embrittlement of carbon steels of the structural 
type. The Izett steel contained 0.10 per cent carbon, 0.55 per 
cent manganese, 0.04 per cent silicon, 0.05 per cent aluminum, 
and 0.07 per cent nitrogen. The Bessemer steel contained 
approximately 0.10 per cent carbon, 0.10 per cent phosphorus, 
and more nitrogen than the open-hearth steel, while the duplex 
and open-hearth steels would be indistinguishable on analysis. 
For the particular heats tested, the duplex and open-hearth 


Temperature, deg F 

-300 '250 -200 -150 -100 -50 0 +50 +100 



-200 -175 -150 -125 -100 -75 “50 -25 0 +25 


Temperature, deg C 

Fig 152 — Influence of low temperature on (A) angular displacement m 
torsion, (B) elongation in tension, and (C) energy absorbed m impact, indicatmg 
disappearance of plasticity in hydrogen-purified iron at different temperatures 
depending on the several testing methods {Heindlhofer 

steels differ in impact resistance after cold compression. It is 
quite possible that the variation in the temperature range at 
which the single-blow notched-bar impact resistance (notably of 
cold-worked materials) is greatly lowered is connected with 
precipitation-hardening phenomena, and that ultimately these 
variations can be appraised as due to small amounts of adventi- 
tious impurities. Heindlhofer^’^^^^ stated that there is an abrupt 
drop in the curve for hydrogen-purified iron with almost complete 
freedom from impurities, as shown in Fig. 152. It is the shifting 
about that is thought to be affected. The true effect of the varia- 
tion in carbon, by itself, on the properties in the impact-embrittle- 
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merit range and in the blue-heat range (so named because blue 
temper colors appear on steel at that range of temperatures) 
cannot yet be evaluated. 

163. Endurance Limit. — Because the endurance limit is an 
important factor in the appraisal of metallic materials where 
repeated stress is involved, the question arises how the endurance 
properties change with temperature, although high alternating 
stresses are not often imposed upon structures or machine parts 
operating at high temperatures. Little work, however, has been 
done in this field. 

The Joint Research Committee on Effect of Temperature on 
the Properties of Metals of the American Society for Testing 
Materials and the American Society of Mechanical Engineers^^®^ 
compared in Fig. 153 the results of rotating-beam endurance 
tests on a 0.17 per cent carbon steel, made by Moore and Alleman 
of the University of Illinois, with the tensile and creep values 
for the same steel obtained by Kanter and Spring The values 
of endurance limits for temperatures above 425°C (800°F.) are 
probably high, as is shown by the arrows It will be noted that 
the endurance ratio is as high at 290®C (550°F.), the tempera* 
ture of maximum tensile strength, as it is at room temperature. 
In fact, the endurance ratio is substantially constant for all 
temperatures investigated Figure 153 also shows a curve from 
Wiberg,^^^®^ which indicates a peak in the endurance curve for a 
0 15 per cent carbon steel at a higher temperature than that 
found by Moore and Alleman. High-temperature tensile data 
for Wiberg^s steel are lacking. 

Tapselb^^^^* gave temperature-property curves for a 0 17 per 
cent carbon steel. The maximum in the tensile-strength curve 
occurred at about the same temperature as in Fig. 153, and 
the maximum in the endurance curve, when the axial stress 
varied about a mean value of zero, occurred at approximately 
the same temperature as the maximum found in Wiberg's curve. 
Under repeated stress varying about a positive (tensile) mean 
stress of about 22,000 lb. per sq. in., the maximum in the endur- 
ance curve shifted to a somewhat lower temperature and, with 
a mean stress of about 44,000 lb. per sq. in., to a still lower 
temperature, but not so low as Moore and Alleman^s temperature 
for maximum endurance strength. Tapsell suggested that the 

* Page 208 of his book. 
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displacement of the peak may be a function of speed of loadmg 
in fatigue testing, z.e., the rate of reversals. In TapselFs work 
at other than zero mean stress the specimens elongated during 
the test and, at the lower temperatures at least, were work 
hardened to some degree. 


Temperafure.deg C 



Fig. 163. — High-temperature tensile, creep, and fatigue data for a 0 17 per 
cent carbon steel, and fatigue data for a 0 16 per cent carbon steel Curves 
not marked are from Kanter and Spring {Joint Research Committee 


Jasper^^®®^ showed a curve for A 0.50 per cent carbon steel that 
indicated very slight net differences in endurance limits from 
room temperature to 640®C. (1000®F.). There was a slight rise 
at 425^0. (800®F.), while the maximum tensile strength was^W 
315®C. (600®F.). 
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High-temperature endurance values for two annealed carbon 
steels were given by Kaufmann;^^®®^ his values, however, are 
somewhat questionable, because tests were not run to more than 
10 million cycles even at the highest temperature. While the 
number is ordinarily sufficient at room temperature, it is not 
yet proved that it suffices at very high temperatures. The 
analyses of the steels were: 


Number 

Composition, per cent 

C 

Si 

Mn 

P 

1 

S 

1 

2 

0 36 

0 62 

0 33 

0 49 

0 69 

0 75 

0 02 

0 02 

0 03 

0 03 


The reported properties of these steels were as follows : 


Property 

Steel number 

1 

2 

Tensile strength, lb per sq. in 

78,000 

89,500 

Yield strength, lb per sq. in 

43,000 

47,000 

Elongation, {1 = 10 d), per cent 

25 5 

22 5 

Reduction of area, per cent 

Endurance limit, lb. per sq in , at 

60 5 

51 

20"C (70'^F) 

40,000 

46,000 

310®C (590‘’F.) 

.... 

51,500 

325°C (615°F) 

53,500 


425°C (800°F) 


40,000 

550°C (1020°F) 

21,000± 

27,000 

710"C (1310°F) 


<13,000 


Fatigue tests at elevated temperature on a steel containing 
0.35 per cent carbon were reported by Junger.^^®®^ At room 
temperature the steel had a tensile strength of 88,000 lb. per 
sq. in., a yield strength of 52,000 lb. per sq. in., an elongation 
(I = 10 d) of 21.5 per cent, a reduction of area of 55 per cent, 
and an impact resistance (Mesnager notch) of 7 m-kg. per sq. cm. 
For the endurance tests a heating coil was placed about the 
specimen just below the fillet and a thermocouple inserted in a 
central hole extending through the lower part of the specimen 
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nearly to the fillet. No calibration for temperature distribution 
was given, and there is no certainty that the temperature at the 
breaking section may not have been considerably lower than that 
measured, especially at the higher temperatures. The endurance 
limits given were : 


Temperature 

Endurance limit, 


°F. 

lb. per sq. in 

20 

70 

42,500 

200 

390 

45,500 

300 

570 

48,500 

450 

840 

45,500 

500 

930 

40,000 


The data cited from all these investigations are insufficient 
to decide definitely whether the endurance ratio will be approxi- 
mately constant at elevated temperatures. They do, however, 
indicate that low- and medium-carbon steels up to say 400®C. 
(750°F.) will have at least an equal, and, at some intermediate 
temperatures, a higher endurance limit than at room temperature 
when these limits are obtained by rapidly reversed stresses 
alternating about a zero mean value. When the stress is not 
completely reversed, the mode of failure would tend to be by 
distortion owing to creep as the temperature is increased. Very 
slow reversal of stress would also be expected to allow creep 
between cycles and accentuate the importance of creep resistance 
rather than fatigue resistance. Oxidation at temperatures 
over 300°C. (570®F.) may render the results of endurance tests 
at such temperatures unreliable unless they are conducted in a 
non-oxidizing atmosphere. 

Few low-temperature endurance data are on record for carbon 
steels; among these are those cited by Russelb'^®^^ from unpub- 
lished work at the University of Illinois, in which specimens 
from a rail head gave an endurance limit of 48,000 lb. per sq. in. 
at 20®C. (70°F.) and 52,500 lb.’ per sq. in. at ~18°C. (0°F.). 
Forsman^®^^^ made endurance tests, also at —18'^C., on a 0.41 
per cent carbon axle steel that had been normalized at 840®C. 
(1545°F.). The endurance limit was slightly higher at — 18tO. 
than at room temperature. These data, and RusselPs^'^®^^ and 
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Johnson and Oberg's^®*^^ data for a number of alloy steels, indicate 
that at subnormal temperatures the endurance limit rises pro- 
portionately with the tensile strength. 

164. Alternate Bending. — In a comprehensive investigation on 
the effect of temperature on static and dynamic properties, 
Schwinning, Knoch, and Uhlemann^^®®^ determined tensile 
properties, impact resistance, and resistance to alternate-bending 
stresses, with special attention to the effect of notches, on five 
carbon and five alloy steels. The composition and room- 
temperature properties of the carbon steels are given in Table 85 


Temperoifure,cleg F 

0 200 400 600 800 



Fig 154 — Effect of temperature on the impact resistance of carbon steels. 
The composition and treatment are given in Table 86, page 464 {Schwinn- 
ing, Knoch, and Uhlemann,<^^^) 

Specimens for the short-time tensile tests were heated in an 
electric salt bath. The yield strength (0.2 limit) and the elastic 
limit (0.01 per cent permanent set) at elevated temperatures 
were determined by ^Hhe standard procedure of the Verein 
deutscher Eisenhuttenleute.'' The resistance to alternate bend- 
ing was determined by a special machine, in which a rotary 
bending stress was applied to a smoothly radiused specimen 
clamped at one end. It was pointed out that this machine 
yields, on an average, values for alternate-bending strength at 
10^ reversals of stress which are 3 per cent higher than the values 
obtained by the rotating-beam test. 

The results are summarized in Figs. 154, 155, 156, and 157. 
The first of these. Fig. 154, shows the effect of temperature on 
the impact resistance, which increases to a peak at a temperature 


SHORT-TIME ELEVATED-TEMPERATURE TESTS 451 


varying between 50 and 200®C. (120 and 390°F.) depending upon 
composition and structural condition. A direct comparison 
between fine- and coarse-grained steels of the same composition 
is possible; the fine-grained steel has a markedly higher impact 
resistance at all the temperatures used, although the difference 
is reduced for temperatures above 400°C. (750°F.); and the peak 
in the impact resistance occurs at a somewhat higher temperature 
than for the coarse-grained material. In regard to the impact 


Temperoiture,oleg F 
200 400 600 800 



Temperature, deg C 


Fig 155. — Effect of temperature on tensile .and alternate-bending strengths 
of 0 12 per cent carbon steel See Table 85 for composition and treatment. 
{Schwinning, Enoch, and Uhlema.nn <’**>) 


values Schwinning, Knoch, and Uhlemann commented that 
there is no distinct evidence of blue brittleness in these steels. 

From the curves of short-time tensile properties and resistance 
to alternate bending (Figs. 155, 156, and 157) the following may 
be concluded : 

1. The peak in tensile-strength values occurs at 200®C. 
(390®F.) for the 0.12 per cent carbon steel — which checks satis- 
factorily with the Kanter ^nd Spring values given in Fig. 1^ — 
and in the other steels at 200 to 300®C. (390 to 570®F.). This 
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increase in tensile strength is not accompanied by an increase in 
yield strength. This confirms the results of Kanter and Spring 
(Fig. 153). 

2. The decrease in elastic limit (0.01 limit) with increase in 
temperature from 300 to 500°C. (570 to 930°r.) is greater than 
the decrease of yield strength. This is also shown by the Kanter 
and Spring values for yield strength and proportional limit 
plotted in Fig. 153. 


Temperature, deg F. Temperature, deg F. 

200 400 600 600 200 400 600 800 



Fig 156 — Effect of temperature on tensile and alternate-bending strengths 
of 0.48 per cent carbon coarse-gramed (steel 2) and fine-grained (steel 3) steels 
See Table 86 for composition and treatment {Schwinning, Knock, and Uhle- 
mann 


3. The alternate-bending strength for 10^ and 10^ reversals 
increased to a peak at 300 to 400°C. (570 to 750°F.) for the low- 
carbon steel and at 400°C. (750°F.) for all the other steels except 
No. 5. The peak for the low-carbon steel (Fig. 155) checks 
fairly well with the peak in the Wiberg curve in Fig. 153. For all 
the steels tested by Schwinning, Knoch, and Uhlemann (except 
No. 5) the peak in the endurance limit was at a temperature 
100 to 200®C. (180 to 360°F.) higher than the peak in tensile 
strength. 
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4. The alternate-bending strength for all the steels decreased 
only when testing temperatures above 400°C. (750°F.) were used. 

5. The increase in alternate-bending strength at 400®C. 
(300°C. for steel No. 1) was relatively greater than the increase 
in tensile strength at 200 to 300°C As the peak m the endurance 
curves occurs at a higher temperature than the peak in tensile- 

Temperoiture,deg F Temperature, deg F 



Temperature, deg C Temperature, deg C 


Fig 167 — Effect of temperature on tensile and alternate-bending strengths 
of 0 6 per cent carbon (steel 4) and 0 7 per cent carbon (steel 5) steels See 
Table 85 for composition and treatment {Schwinmng, Knock, and Uhle- 
rnann 

strength curves, it is interesting to note that, in all of the steels 
except No 5, at temperatures of 300°C. (570°F.) for steel No. 1 
and of 400°C. (750°F.) for the others, the alternate-bending 
strength for 10^ reversals is as high as, or higher than, the tensile 
strength for the same temperature. 

6. At 400°C. the value for alternate-bending strength of steel 
No. 1 is 18 per cent and fqr steels Nos. 2, 3, and 4, 22 to 27 per 
cent higher than at room temperature. For all of these steels, 
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* The altemate-bending specimen was 241 mm (9 5 in ) long and 15 mm (0 59 in ) m diameter The smoothly radmsed section was 95 mm (3 74 in ) 
from one end and was 30 mm (1 18 in ) long with a mimmum diameter of 7 mm (0 28 in ) The notch used was 45 deg , 3 5 mm deep, i^ith a 0 5-mm 
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the value for alternate-bending strength at 300®C. (570®F.) 
or above is far greater than the yield strength. 

7. There are great similarities in elevated-temperature proper- 
ties in steels Nos. 1 to 4, containing 0.12 to 0.6 per cent carbon. 
The absence of a well-defined peak in properties, especially alter- 
nate bending in steel No. 5 (0.7 per cent carbon), is ascribed by 
Schwinning, Knoch, and Uhlemann to the presence of 0.27 per 
cent nickel There were, likewise, no such peaks in the other 
alloy steels tested. 

8 Between room temperature and 300°C. ±^.) the tensile 

strength of the fine-grained steel was somewhat higher than of the 
coarse-grained material of the same composition (Fig. 156), and 
the reduction of area somewhat lower. At all temperatures 
below 400°C. (750°F.) the yield strength and elastic limit of the 
fine-grained steel were very much higher than the corresponding 
values for the coarse-grained specimens. There was, however, 
very little difference between the fine- and coarse-grained 
specimens in values for alternate bending, and in elongation, for 
all temperatures below 500®C. (930®F ). At this latter tempera- 
ture, in tensile strength and resistance to alternate bending 
the coarse-grained steel was markedly superior to the fine-grained 
specimen. 

9. For all of the carbon steels the effect of a 45-deg. V-notch, 
3.5 mm. deep and with a 0 5-mm. radius, was to reduce the 
resistance to alternate bending about 50 per cent; the values 
for the notched specimens varied from 44 to 57 per cent of the 
corresponding unnotched bars. Other forms of notches were 
used and had relatively greater or less effect depending upon 
the depth and the radius at the bottom. 

C. PROPERTIES AT TEMPERATURES BELOW THE BLUE-HEAT 

RANGE 

In the further correlation of data on the effect of temperature 
on properties it has been found convenient to divide this discus- 
sion according to temperature. Three ranges are recognized. 
These are: (1) the region below room temperature, (2) the region 
from room temperature to the blue-heat range, about 309°C. 
(570®F.), and (3) the region above the blue-heat temperature. 
In the following pages the first two ranges are considered; 
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discussion of data on the blue-heat range is postponed until 
laJter (page 472). 

Room temperature affords a good dividing line between the 
first two regions because the strength at room temperature is 
about the lowest found between the temperature of liquid air 
and approximately 300°C. (570°F ). Fortunately, the change in 
properties, with the exception of notched-bar impact resistance, 
is so little for small variations near room temperature that no 
special attention need be paid to the exact ‘^room” temperature 



Fio. 158 — Effect of carbon content on low-temperature tensile strength 
Carbon percentages are indicated by the plotting points, manganese contents 
beginning with B were 0 05, 0 35, 0 47, 0 60, 0 48, 0 71, 0 52, and 0 80 per cent 
(GruachkaA"^^^) 

when testing. Nevertheless, a survey of the whole region down 
to liquid-air temperature shows, as Russelb^®^^ brought out, that 
tensile and yield strengths, hardness, endurance limit, and 
modulus of elasticity increase as temperature falls from room 
temperature, while elongation and reduction of area tend to 
decrease and notched-bar impact resistance, especially in carbon 
steels, generally falls sharply. Strauss, in discussion of RusselFs 
paper, pointed out that the changes outlined by Russell may not 
always occur, as is proved by some of Sykes^s^^^^^ data on alloy 
steels at low temperatures. 

166. Properties at Subnormal Temperatures. — The general 
trend of increasing strength and hardness as the temperature 
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falls below normal room temperature is shown by the results of 
many observers. Russelb^*^^ has summarized these and given 

Temperature, deg F. 



Temperature, deg C 


Fiq. 159 — Ranges of values for increase m tensile strength and decrease 
in reduction of area in carbon steels at low temperatures See Fig 158 for 
composition. {OruschkaA"^^^) 

references to the earlier literature. The subject has been 
recently discussed by several writers. 

Gruschka^’'^®^ studied the ability of steels to withstand static 
deformation at very low temperatures by tensile tests at tern- 
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peratures down to — 196°C. (—320®F.), obtained by liquid air^ 
oxygen, or nitrogen. He used hot-rolled carbon steels of from 
0.02 to 0.40 per cent carbon. Some of his data are shown in 
Figs. 158 and 159. 

The 0.08 and 0.11 per cent carbon steels (materials C and D) 
had more ductility remaining at — 195°C. (--320°F.) than the 
higher carbon steels, but the 0.15 per cent carbon steel (material 
E) was no better than those of still higher carbon. Ingot iron 
showed a greater percentage increase in strength at the very low 
temperatures than did the steels, the drop in ductility came at a 
higher temperature, and at “*195°C. (--320°F.) it was statically 
the least ductile of any of the materials tested. 

No impact determinations were made in this investigation 
Dynamic toughness in the carbon steels would be lost at higher 
temperatures than is shown by Gruschka^s static data. This 
can be seen from Fig. 152 taken from Hemdlhofer 

Thirty years ago Hadfield^^^^ made a comprehensive study of 
the properties of steels at liquid-air temperature, and De Haas 
and Hadfield^®®®^ have supplemented it by a recent investigation. 

While the strength increases as the temperature falls, the 
ductility decreases and the impact resistance falls markedly 
The differences in impact resistance among steels of quite similar 
composition (shown in Fig 151) at only moderately subnormal 
temperatures, such as those encountered in winters m northern 
latitudes or in aircraft flights at high altitude, make the selection 
of steels for service at those temperatures an important matter. 

An investigation of the properties of a medium- and a high- 
carbon steel was recently completed by the National Bureau 
of Standards * Tests were made at room temperature, — 78 5°C 
( — 110®F), and at some intermediate temperatures on steels 
of the following compositions: 


S AE 

Composition, per cent 

number 

C 

Mil 

Si 


P 

1045 

0 45 

0 77 

0 21 

0 022 

0 013 

1095 

0 93 

1 

0 27 

0 15 

0 023 

1 

0 014 


* Louis Jordan, private communication, Feb 27, 1935 Data published 
by permission of the Bureau of Aeronautics 
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The material was received in the form of cold-drawn and of 
mill-annealed bars, % in. in diameter. The mill-annealed bars 
were subjected to the following treatments: 

Steel 1046. Normalized at 870°C. (1600°F.) and air cooled. 
Quenched in water from 800®C. (1475°F ) and tempered at 
540°C. (1000°F.). Air cooled after tempering 
Steel 1095 Normalized at 800°C. (1475°F ) and air cooled. 
Quenched in oil from 775°C. (1425°F ) and tempered at 315®C. 
(600°F ). Air cooled after tempering 
Tensile (0.2525 X 2-in specimens), Rockwell C hardness, and 
Charpy impact (10 mm square by 55 mm long, V-notch 2 mm. 
deep) tests were made at room temperature and at the subnormal 
temperatures shown by the plotting points m Figs. 160 and 161. 
Yield strength was determined by drop-of-beam for the 1045 steel 
and from the 0.2 limit for the 1095 steel The crosses in Figs 
160 and 161 are values for specimens which had been cooled to 
— 78.5°C. ( — 110°F.), allowed to return again to room tempera- 
ture, and then tested at room temperature 
The results for the medium-carbon steel (Fig 160) confirm 
other data discussed above, that tensile strength, yield strength, 
and hardness are higher at approximately — 80°C. ( — 110°F) 
than at room temperature, but, as would be expected from the 
results of Gruschka (Fig 159), the increase is not great. Reduc- 
tion of area, as also shown by Gruschka, is somewhat lower at 
“80°C. than at room temperature. Elongation values are but 
slightly affected by the low temperature; in the cold-rolled and 
quenched and tempered specimens they are a little above the 
room-temperature values, in the normalized specimen a little 
below. Charpy impact specimens are, of course, deleteriously 
affected by low temperature ; the effect is greatest in the quenched 
and tempered specimen with a high room-temperature impact 
resistance. The tensile properties and hardness of the high- 
carbon steel follow the same general trends (Fig. 161) as in the 
medium-carbon steel, but the Charpy impact value, already very 
low at room temperature, is erratic and is apparently but little 
changed at — 78.5®C. 

The effect of cooling to —78.5°C. (— llO^F.) on the modulus of 
elasticity of these two steels is noteworthy. In the medium-carbon 
material it is appreciably lower and in the high-carbon specimens 
unchanged, as compared with the modulus at room temperature. 
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While it is probable, as shown later, that steels of small grain 
size will in general tend to retain their good impact properties to 
fairly low temperatures, it has been considered scarcely possible 
to insure a high degree of toughness at extreme subnormal 

Temperoifure.cleg F 



Fig. 160 — Low-temperature properties of 0.46 per cent carbon, 0.77 per cent 
manganese, 0 21 per cent silicon (1045) steel. Crosses are values for specimens 
cooled to — 78.6®C. (— 110°F), allowed to return to room temperature, and 
tested at room temperature {National Bureau of Standards ) 

temperatures in carbon steels as a class and, in general, alloying 
must be resorted to to secure such toughness. 

At moderately low temperatures, such for example as those 
used in some processes for dewaxing petroleum products, and the 
very low temperatures used in making liquid air, carbon steels 
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as a class become very definitely brittle, and for equipment which 
must withstand shock alloy steels are chosen. Nickel steels are 
outstanding in their low-temperature t<iighness, and a variety of 



Fig. 161. — Same as Fig 160 for steel 1095 containing 0 93 per cent carbon, 0 27 
per cent manganese, and 0 16 per cent silicon. {Notional Bureau of Standards.) 

low-alloy steels is being developed which show promise of tough- 
ness at these temperatures. A number of important investiga- 
tions on low-temperature properties of carbon and alloy steels 
have been published.* 

* See bibliography references 77, 86, 101, 102, 109, 126, 141, 156, 345, Sf 1, 
394, 409, 488, 615, 563, 570, 577, 607, 631, 662, 712, 720, 768 
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166. Effect of Grain Size and Impurities on Low-temperature 
Properties of Carbon Steels. — The results of investigations by 
Herty and McBride^^^’^ a§kd Herty^*®^^ on the effect of deoxidation 
on impact resistance of carbon steels at low temperature are 
striking and demand detailed attention. In these investigations, 
the effect of heat treatment, in addition to the effect of deoxida- 
tion, on grain size and thus on the resulting low-temperature 
impact properties was studied. 

The impact specimen chosen had the V or Izod notch (0.01-in. 
radius) in a bar otherwise of the Charpy type (0.394 in. square 
and 2.165 in. long). The V-notch was chosen as more likely to 
discriminate between degrees of toughness, giving lower values 
than the round-notch Charpy bar on brittle materials and higher 
values than the standard Izod bar on tough materials 

Six low-carbon and two medium-carbon heats were tested. 
Their compositions are given in Table 86. It will be noted that 


Table 86 — Analysis of Steels Used by Herty and McBride 


Heat 

1 

Composition, per cent 

number 

C 

Mn 

P 

S 

Si 

Al* 

Ni 

N, 

Ot 

SilfA-15 

0 15 

0 71 

0 010 

0 029 

0 074 

0 025 


0 005 

0 0012 

SMA-17 

0 17 

0 56 

0 026 

0 028 

0 150 

0 038 

0 26 

0 003 

0 0023 

SMA-22 

0 22 

0 58 

0 020 

0 043 

0 088 

0 033 


0 004 

0 0015 

K-7 

0 15 

0 56 

0 024 

0 040 

0 074 

0 010 


0 005 


AX i 

0 21 

0 43 

0 016 

0 043 

0 111 



0 005 


R 

0 14 

0 51 

0 021 

0 035 




0 007 


SAf A-48 

0 48 

0 74 

0 022 

0 030 

0 205 

0 020 




AL 

0 40 

0 65 

0 031 

0 029 

0 175 






* Metallic 

t Total oxygen, determined by the vacuum-fusion method 


one steel contained 0.26 per cent nickel, an element known to 
have, at least in larger amounts, a beneficial effect upon low- 
temperature impact. The six low-carbon heats included one 
rimmed steel (heat 72), one silicon-killed steel (heat AX), one 
semikilled steel (heat if-7), and three killed steels (heats 
SMAA5, 17, 22). The medium-carbon heat SMAAS was made 
by the same method as the low-carbon SMA steels. Heat AL 
was killed by high-silicon spiegel. 
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The steels designated SMA were killed with silicomanganese 
and aluminum, and residual metallic aluminum, above that 
required to combine with the oxygen present, is shown by the 
analyses. They were fine grained. At sufficiently high tem- 



Fig 162 — Effect of deoxidation on low-temperature impact resistance of 
rolled low-carbon steels whose composition is given in Table 86 Specimens for 
heat SMA-ld were taken from 1-in. angles and 1-in round bars. Specimens for 
other heats were from 1-in round bars {Herty and McBride 

peratures grain growth can, of course, be obtained even in such 
steels, so the program included treating these steels to produce 
coarsening. The rimmed steel (heat R) showed somewhifct 
erratic behavior on normalizing, and the results obtained on it 
may not be characteristic of all rimmed steels. 
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The impact properties at room temperature, —19^0. (--2®F.), 
and — 54°C. (-*65°F.) of the low-carbon steels as rolled are shown 
in Fig. 162. The beneficial effect of the nickel is apparent. 
With the exception of the nickel-bearing steel, all lost toughness 



Fig 163 — Same as Fig 162, except that the steels were normalized at 875®C 
(1605°F ) {HeHy and McBride on)) 

rather abruptly around ~-18°C. (0°F.), but the finer grained 
steels were not so brittle as the coarse-grained ones. 

Normalizing — ^from 875°C. (1605®F.) — produced a very differ- 
ent picture, as Fig. 163 shows. Toughness of the fine-grained 
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steels was retained at — 37°C. (— 35®F.) and the nickel-bearing 
steel retained it to still lower temperatures. The unkilled, 
silicon-killed, or only semikilled steels fell into another and 
inferior class. Increasing the normalizing temperature to 
1000, 1050, and finally to 1100°C. (1830, 1920, and 2010°F.), 
to produce coarsening, shifted the curves. Some detrimental 


Temperoiiure , deg . F 



Fig. 164. — Same as Fig 162, except that the steels were heated to 1100®C. 

(2010°F ) and air cooled {Herty and McBride 

effect of overheating was noted even before coarsening began — 
which was taken to indicate that increased solubility of non- 
metallics is being brought aboui and exerts an influence. The 
impact values after treatment at the highest normalizing tem- 
perature are shown in Fig. 164. Smaller differences were shown 
in the normalized aluminum-killed and silicon-killed mediuiui^ 
carbon steels, which were harder and less tough at ordinary 
temperatures, as is shown in Fig. 165. 
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Quenching and tempering greatly benefited the steels, with 
the exception of the silicon-killed steel (Fig. 166). Many 
further details are given by Herty and McBride. Herty^^^^ 
also showed that the aging characteristics of the steels are wholly 

Temperoi+ure,deg F. 



Fig 166 — Effect of deoxidation on the low-temperature impact resistance of 
medium-carbon steels. See Table 86 for composition {Herty and McBride 

consistent with their low-temperature impact properties. Resist- 
ance to aging goes hand in hand with good low-temperature 
behavior. 

These results show clearly that grain size is of vast importance 
in its bearing on low-temperature impact properties, exerting so 
strong an influence that the alleged specific effects of small 
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amounts of alloying elements, as determined by various investi- 
gators, might readily be outweighed by variations in the grain 
size which are not due to the alloy additions, but merely to the 
method of deoxidizing the steel. 

Before the true effect of manganese, silicon, chromium, copper, 
etc., can be appraised, it will be necessary to make alloying 

Temperoiture,cle9 F. 



Fig 166 — Effect of deoxidation on the low-temperature impact resistance 
of low-carbon steels, water quenched from 875°C (1605°F ) and tempered at 
675®C. (1250®F ) See Table 86 for composition {Herty and McBride 

additions of these elements to carbon steels so deoxidized that 
they have different grain sizes. It is quite possible that, as in the 
case of nickel which clearly exerts a specific effect, other elements 
may have helpful effects when alloyed with a steel which has 
been made fine grained, as by the use of aluminum or vanadium; 
but until this has been shown, no reliable conclusions can be 
drawn. 

The work of Herty and McBride has given a new starting 
point from which it should now be possible to proceed with 
correct evaluations of the effects of alloying elements. 
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Schmidt^^®®^ studied the effect of impurities in iron on low- 
temperature impact properties. He refined Armco iron, by a 



Fio 167 — Effect of phosphorus, oxygen, and nitrogen on the high- and low- 
temperature impact resistance of high-punty ingot iron {Schmidt 

series of slagging reactions, till his analyses indicated that 
0.001 per cent carbon, 0 008 per cent manganese, 0.002 per cent 
sulphur, 0.028 per cent oxygen, and no nitrogen were present. 
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He then added in separate series carbon, phosphorus, sulphur, 
oxygen, sulphur plus oxygen, and nitrogen (the last by melting 
under nitrogen pressure). Some of his curves for annealed 
specimens are shown in Fig. 167. His curves (not here shown) 
for carbon indicated that this element had about the same 
effect as does phosphorus, while sulphur alone, up to 0.08 per 
cent, or oxygen plus sulphur, up to 0.05 per cent oxygen and 
0.06 per cent sulphur, had practically no effect. As Fig. 167 
shows, neither ordinary amounts of phosphorus nor even large 
amounts of oxygen brought about an abrupt lowering of the 
impact values at temperatures as low as -“50°C. ( — 60®F ), but 
rather small amounts of nitrogen caused a sharp drop between 
-20 and -50°C. (-5 and -60°F.). 

The effect of these impurities on embrittlement, after cold 
work and artificial aging, was different from their effect on 
annealed specimens. Neither phosphorus nor nitrogen appeared 
to have much effect, but oxygen, sulphur, or oxygen and sulphur 
together had an increasingly detrimental effect as their amounts 
increased. 

167. Properties in the Temperature Range from Normal to 
300°C. (670°F.). — As discussed in a following section (page 472), 
when the temperature is raised from normal to about 300°C 
(570^F ) — the blue-heat temperature — the strength, hardness, 
and endurance limit rise to a peak, while elongation, reduction of 
area, and notched-bar impact resistance fall. The peak in 
strength and hardness at the blue-heat temperature may not be 
a true phenomenon of the iron-carbon system at all, for as, among 
others, Neuendorff^®^^^ and Mehl and Briggs in discussion^^®®^ 
have shown, low-carbon Izett steel does not show this peak, 
and it is, at the same time, practically free from both aging 
and the blue-heat phenomena. Apparently, the aluminum is 
introduced at such a stage in the process of deoxidiation that it 
combines with and renders insoluble in the ferrite all of those 
elements whose presence causes the phenomena of aging and blue 
brittleness. As the aluminum i^ present in very small quantities 
and is without doubt largely in the combined state, as inclusions, 
Izett steel corresponds to the definition of carbon steel used in 
this monograph. Galibourg^®^®^ attributed the peak in the tensile- 
strength curve at the blue-heat temperature to aging action in the 
strained steel during tensile testing. 
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After the blue-heat temperature, 300°C. (570®F.), has been 
passed, a range of steadily decreasing tensile and yield strengths, 
hardness, endurance limit, and modulus of elasticity is entered, 
and plastic behavior becomes very evident in the higher portion 
of this range. In general, there is a marked trend toward 
increase in ductility and notched-bar impact resistance as the 
temperature rises, but this general trend is subject to important 
exceptions in the case of individual steels, for at 450 to 600°C. 
(840 to 1110®F.) some steels may show the phenomenon of 
secondary brittleness. The trend of these properties in the 
temperature range between normal and 300°C. (570°F.) is shown 
in Figs. 140, 142, 149, 153, 154, 155, 156, 157, and in Figs. 168 
and 174, which are discussed in the next section. 

168. Effect of Factors Other than Composition on Properties 
as a Function of Temperature. — Most of the discussion given so 
far in the present chapter has been concerned with the relation 
between properties and temperature for steels of different carbon 
content Enough data have been given, however, (for example 
on effect of grain size and impurities) to show that there are 
individual idiosyncrasies not ascribable to carbon content which 
may crop up in carbon steels, especially in relation to impact 
properties, to disturb the general trend of curves showing 
properties as a function of temperature. Differences in degree 
of oxidation, methods of fimshing the heat of steel, the presence 
of adventitious impurities that allow precipitation hardening, 
or the re-solution of precipitates at elevated temperatures so 
complicate the behavior with respect to impact resistance, zones 
of higher strength or lower ductility, short-time tensile and 
probably creep properties that each particular lot of steel must 
be to some degree a law unto itself in regard to its high-tempera- 
ture behavior. Better controllable factors whose effects must be 
considered are grain size and metallographic structure, which 
may be at least partially controlled by heat treatment. 

The property-temperature curves of annealed, stable steels of 
different carbon contents have much the same shape but start 
from different levels corresponding to the carbon content. 
However, above the recrystallization temperature these differ- 
ences tend to be minimized until just below the eutectoid tem- 
perature, where carbon content ceases to be such a potent factor, 
though still exerting a detectable influence; in the austenitic 
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range the differences in strength due to carbon content are small 
in absolute magnitude, though sufficiently great to be detectable 
in hot working. 

Through the blue-heat range and up to somewhat past the 
recrystallization temperature the strength and structure produced 
by quenching and tempering may, within limits, be preserved. 
Tempering is fundamentally a time-temperature phenomenon, 
and a steel which has been tempered for say 1 hr. at 260®C. 
(500°F.) may soften further in 1000 hr. at that temperature. 
The properties shown by a 1000-hr. test will then not be the 
true stable properties at 260°C. (SOO'^F.), but the resultant of 
initial unstable properties and of the more stable ones. If the 
temperature is then raised to 425^^0. (800°F.), the steel previ- 
ously heated for 1000 hr. at 260°C. (500°F.) will be further 
softened. Hence, the only permanent high-temperature proper- 
ties are those of steels made truly stable for the temperature in 
question by annealing, normalizing and tempering, or by quench- 
ing and tempering, with the tempering temperature high enough 
and the time long enough to insure no change in structure at the 
lower, though elevated, temperature of test or service. 

Of course, the effect of cold work will similarly be removed by 
heating to the softening or recrystallization temperature, and 
short-time tests will obviously not indicate whether the material 
IS in a truly stable state; stability must be established by other 
criteria. The benefits of quenching and tempering shown by 
room-temperature tests may appear to be retained in whole or 
in part on a short-time test, but they may not exist in actual 
long-time service at high temperatures. The stability of proper- 
ties of quenched and tempered steels is of greatest importance at 
relatively low temperatures, such as temperatures to which bolts 
are subjected in steam-plant equipment, where the added 
strength and resistance to tempering of alloy steels make them 
the usual choice over carbon steel. 

Spheroidization of cementite at temperatures between 400®C. 
(750®F.) and the lower criticaL temperature may occur with a 
resulting decrease in long-time load-carrying ability. Annealing 
prior to exposure to temperature in this range, according to 
Tapsell,^^^®^* delays spheroidization and raises the temperature 


♦ Page 192 of his book. 
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at which it will occur in a given time. A coarse grain structure 
in cast steel also helps to retard spheroidization. Bailey and 
Roberts/®®^^ as discussed in the next chapter (page 520), showed 
that in the stable spheroidized condition a carbon steel had a 
greater creep rate. 

Normalized, normalized and tempered, or annealed" carbon 
steels are now considered to be in more reliable shape to resist 
long-time loading at high temperatures than those in a less stable 
condition. 

D. THE BLUE-HEAT RANGE AND THE RANGE OF SECONDARY 

BRITTLENESS 

In the blue-heat range, near 300°C. (570°F ), most steels are 
stronger and less ductile than at slightly higher or slightly lower 
temperatures. In the range of secondary brittleness, near 500°C. 
(930°F.), those steels that exhibit secondary brittleness are less 
ductile than at somewhat higher or somewhat lower temperatures. 
Neither range corresponds to any known transformation in the 
iron-carbon system, and it is at least possible that pure iron- 
carbon alloys would not exhibit either blue brittleness or second- 
ary brittleness. 

169. The Blue-heat Range. — Figure 168 from Inokuty^^so) 
shows how the tensile strength of Armco iron and annealed car- 
bon steels varies as the temperature is raised to 700°C. (1290°F.). 
The data on notched-bar impact resistance of several carbon 
steels at elevated temperatures reported by Reinhold and 
Guillet and Revillon,^^^^ plotted in Fig. 169, show that a minimum 
impact resistance occurs near the temperature at which a maxi- 
mum tensile strength is observed — around 300°C. (570°F.). 
Figure 170 from a Committee Report , shows the short-time 
tensile properties of a 0.28 per cent carbon steel in both the cast 
and wrought conditions. 

Since the ductility drops as the tensile strength rises, the 
strengthening at the blue-heat temperature is sometimes termed 
^^blue brittleness,^' though, as French and Tucker^^^®^ pointed 
out, the reduced ductility is not accompanied by a corresponding 
drop in the impact curve. Figure 169, however, indicates that 
minimum impact values occur near the temperature at which 
maximum strength occurs. A maximum in the repeated-impact 
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curve for 0.07 and 0.08 per cent carbon steels was found at 210 to 
220°C. (410 to 430°F.) by Kuhle.^^i^) 

Steel deformed in the blue-heat range and cooled to room 
temperature is found to have been hardened by such deformation 
to a greater extent than if the same degree of deformation had 
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Flo 168 — Tensile strength of Armco iron and annealed carbon steels at elevated 
temperatures. {Inokuty ^^69)) 

been accomplished at room temperature. This may be illus- 
trated by Sauveur’s^^^^®^ results shown in Fig. 171. 

As Sauveur/^^^ Van Wert/^®®^ Kawai/®®®^ and others have 
shown, deformation at blue-heat temperatures in steels which 
are subject to age hardening is accompanied by a stepwise slip 
rather than by a uniform progressive slip, while in a non-aging 
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Fig 169 — Notched- bar impact resistance of annealed carbon steels at elevated 
temperatures (Reinhold^^^'> and Gmllet and RMlon 
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Fig, 170. — Tensile properties of cast, annealed or normalized, and of rolled, 
annealed or normalized, 0.28 per cent carbon steel at elevated temperatures. 
{Joint Research Committee. 
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steel, like Izett, more nearly progressive slip occurs. Tenta- 
tive explanations for the strengthening and for the mode of slip, 
advanced by Van Wert,^^®®^ Kuhle,^^^®^ and Dean and cowork- 
ers, ( 293 ) g^j-e to the effect that some precipitation-hardening 
phenomenon is occurring in the steel at the temperatures in 
question. Mehl and Briggs in 
discussion of Van Wert’s^^®®^ 
paper, although holding that 
such an explanation may not be 
entirely adequate, stated that 
*‘it is the best explanation now 
available.^’ Discussion has 
raged about the particular ele- 
ment, compound, or combination 
of these responsible for the effect, 
with carbon, oxygen, nitrogen, 
and manganese oxide among 
those prominently mentioned 
It would appear that no single 
constituent is solely responsible, 
but more likely a combination of 
several, owing to the mutual 
interaction upon the solubility- 
temperature relationships. 

Hayes and Griffis^^^^ as well 
as Kenyon and Burns^^^®^ have 
shown on aluminum-treated 
steels, in line with the work of 

Van Wert^'*®®^ and (jthers, that ’ 0 100 200 300 400 500 

the addition of around 0 06 per Temperalure.deg c 

, ,,, . 1 /A j. 171 — Brinell hardness at room 

C6nt tita.niuni EIlu 0.04 por C6nt temperature after straining electro- 
aluminum to a steel of 0 05 per lytic iron and carbon steels at the indi- 

. , , , . cated temperatures {Sauveur 

cent carbon, plus annealing at 

640°C. (1180°F.) with slow cooling, practically eliminates both 
the aging propensity and, as is shown by Fig. 172, the rise in 
tensile strength in the blue-heat range. The titanium and alumi- 
num might combine with both oxygen and nitrogen, rendering 
them inactive, so it is still doubtful which one is of primary impor- 
tance in producing the precipitation hardening which causes the 
increase in tensile strength. 
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170. The Range of Secondary Brittleness. — The phenomenon 
of ‘^secondary brittleness/^ observed around 450 to 600°C. 
(840 to 1110®F.), or around 450°C. (840°F.) for very slow applica- 
tion of load/®^®^ is of more than academic interest because of its 
possible, and indeed logical, connection with '^shatter cracks^^ 
in steel rails, which are to occur as the rail 

Temperature, deg C. 



Temperature, deg F 

Fig 172 — Difference in tensile properties, at elevated temperatures, of 
0 06 per cent carbon-stecl sheet and of the same siieet after stabilizing with 
titanium and aluminum {Hayes and Griffis 

cools on the hot bed. When the base and web have cooled 
to the blue-heat range, where the tensile and yield strengths are 
high, the interior of the head is just entering the secondary brittle 
range. Differential contraction, between the base and web, 
bends the rail and imposes tensile stress upon the head, and the 
difference in temperature between the outside and inside of the 
head also imposes a tensile stress. It is postulated that such 
stresses, acting on the interior of the head at a temperature at 
which it is both relatively weak in tension and lacking in ductility 
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(if the steel has a scM^ondary brittle range), produce these shatter 
cracks, which hav(‘ been shown to exist in new (unused) rails. 
The cracks do not (‘xtend to the surface, nor have they been 
reported close to the end of a rail, indicating that they occur 
after the rail has been cut by the hot saw and that a certain 
degree of restraint must be exerted by the surrounding metal 
before the stresses build up sufficiently to cause cracks. 


Fig. 173. — Shatter cracks in a new rail. 4- ~ horizontal longitudinal section; 

B = vertical longitudinal section. Natural size. {QuickA^^^^) 

Not all rails show shatter cracks, but different lots of rails 
show marked differences in secondary brittleness. Figure 173 
from Quick^'’^^^ shows shatter cracks in a new sorbitized rail 
containing 0.77 per cent carbon, 0.74 per cent manganese, and 
0.30 per cent silicon. Figure 174, giving temperature-property 
curves of this steel, reveals a mnrkcHl secondary brittle range. 

Since the undm-lying caus(‘s of sc'condary brittleness are not 
known, so that steel-melting control cannot yet be exercised to 
avoid it, Freimian and Quick^-'^®^’®^^^ suggested that slow cooling 
through the range' of se'condary brittleauvss would be desirable' for 
rails and similar sections in order to avoid shatter cracks, which 
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are thought by some to be nuclei of transverse fissures, so danger- 
ous in rails. The Sandbergs^^®®^ independently arrived at the 
same conclusion and devised ‘‘ovens^^ for slow cooling of rails 
through this range. Mackie claimed* that the temperature at 
which shatter cracks occur is lower than that indicated by the 

Temperoiture.cleg F 

200 400 600 800 1000 1200 



Fig 174 — Temperature-property curves of sorbitized rail steel showing marked 
secondary brittleness (Quick 

work of Freeman and Quick and of the Sandbergs, and proposed 
to retard cooling to very low temperatures. 

In discussion of another paper, Quick gave curves showing 
that notched-bar impact tests, as do tensile tests, go through a 
range of secondary brittleness. 

Secondary brittleness may be present in ingot iron, as was 
shown by Inokuty,^^®®^ and in carbon steels of a variety of carbon 
contents as well as in various alloy steels, according to Rawdon 


Canadian Patent 319,553, Feb 2, 1932 
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and Berglund/2®^^ Annealing below the lower critical tempera- 
ture sometimes appreciably decreases the degree of secondary 
brittleness, and this gives some indication that the phenomenon 
may be connected with some constituent, or constituents, of 
varying solubility at different temperatures which precipitate 
below the lower critical temperature. There is, however, little 
evidence to indicate just what constituents might be involved. 

It is quite possible that, hke the rise in strength in the blue- 
heat range and the variable shape and location of the notched- 
bar impact curve with temperature, secondary brittleness is 
not at all an inherent property of iron-carbon alloys but a result 
of adventitious impurities present m commercial iron and steel. 
Desch,^®®^^ for example, suggested that it is due to nitrogen, oxy- 
gen, or carbon. 


E. CAST FERROUS ALLOYS 

The properties of cast steels at elevated temperatures are not 
radically different from those of wrought steels of the same 
composition. As shown by the data discussed below, in most 
cases the properties of wrought steels are slightly better at 
temperatures of 100 to 400°C (210 to 750®F ) than the cor- 
responding properties of cast steels; these differences tend to 
disappear at higher temperatures. In this connection Tapselb^®®^ 
remarked that between 400 and 500°C. (750 and 930°F.) carbon 
steel in the cast condition is probably no better, and may be 
worse, than annealed or normalized wrought steel. 

In determining the difference in properties between a cast 
and a wrought steel of similar composition, investigators have 
generally used split heats, t.e., one part is tested as cast and the 
other portion is hot worked to the desired section. Cast iron, as 
usual, is a law unto itself : the behavior of steel at elevated tem- 
peratures gives no clue to the properties of cast iron at cor- 
responding temperatures, 

171. General Relation of Tensile Properties to Temperature for 
Cast versus Wrought Carbon Steels. — Figure 170 (page 474) 
shows how closely the elevated-temperature properties of cast 
and Wrought materials of the same composition agree. These 
results were obtained by three laboratories on a split 
containing 0.28 per cent caf-bon, 0.66 per cent manganese, and 
0.35 per cent silicon. Both cast and rolled specimens were 
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annealed for 1 hr. at 870°C. (1600'^F.) and normalized at 900°C. 
(1650®F.). The tensile strength of the rolled specimens at about 
300®C. (570°F.) is some 5000 lb. per sq. in. higher than of the 
corresponding cast specimens; this difference becomes smaller 
until, at 650°C. (1200°F.), the tensile strength of all of the 
specimens is the same. The same general trends may be noted 
in the other properties, but the differences in elongation values are 
slight. 
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Fig. 175. — Elevated-temperature properties of A cast and annealed and B forged 
and annealed split heat, containing 0 20 per cent carbon {Spring 


Short-time tensile data from a split heat containing 0 20 per 
cent carbon are shown in Fig. 175.^'*^®^ Comparison of the curves 
indicates that the tensile and yield strengths for the cast and the 
forged material are about the same at all the temperatures used; 
the proportional limit of the forged specimens is higher for 
testing temperatures of 300°C. (570°F.) and above. Other 
short-time tensile tests were also made by Spring^^^®^ on steels of 
similar composition but not from split heats. The data are 
plotted in Fig. 176. For the 0.35 per cent carbon steels the 
forged specimens had slightly higher properties, but for the 
0.40 per cent carbon steels the properties of the forged specimens 
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were markedly superior at practically all the testing temperatures 
used. Creep properties were also determined on these steels; 



Fia 176 — Elevated-temperature properties of A 0 33 per cent carbon steel, 
cast and annealed, B 0 35 per cent carbon steel, rolled and normalized, C 0 40 per 
cent carbon steel, cast and annealed, and D 0.41 per cent carbon steel, forged and 
annealed. (Spnng,^*^^'>) 


in general, the forged material had a higher creep strength than 
the corresponding cast specimens. 

Bailey and Roberts^^®^^ compared the short-time tensile 
properties of a cast 0.30 per cent carbon steel and a forged 0.40 
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per cent carbon steel; they found a tensile strength at 600®C. 
(930°F.) of: 

Cast steel. . . 34,000 lb. per sq. in 

Forged steel . . . 51,500 lb. per sq. m 

Because of the difference in carbon content, nothing can be 
concluded from these two values. 

Impact tests were made by Moffett^^®^^ on cast carbon steels 
at temperatures between —40 and +20°C. (—40 and +70°F.). 
The tests were made at only three or four temperatures, and 
almost straight lines were drawn to represent impact resistance 
as a function of temperature; the familiar sharp drop in impact 
resistance was not found. Annealing the cast material improved 
the impact resistance at all testing temperatures used. 

The differences in high-temperature properties between cast 
and wrought materials are, without doubt, largely due to the 
difference in grain size. This is brought out more clearly in the 
discussion of the creep properties of cast carbon steels in the next 
chapter. 

172. Miscellaneous Data on the Effect of Temperature on 
Properties of Cast Carbon Steel. — Knipp^^^r) studied cast speci- 
mens of 0.20 per cent carbon steel (balance of composition not 
stated), which showed a rise in tensile strength at 250°C. (480°F.) 
and higher in tests carried out in 25 min. but showed a continuous 
decrease in tensile strength from room temperature to 400°C. 
(750®F.) when the specimen was broken in 30 sec. He found the 
knee in the curve, on slow testing, to occur at lower temperatures 
and to be the more marked the more rapidly the steel had been 
cooled from the austenite range. Low-temperature impact 
tests on cold-workfid specimens that had been given an acceler- 
ated aging treatment were also made, and Knipp concluded 
that the change in tensile strength and the fall in impact resist- 
ance were both related to aging phenomena; he made the definite 
statement that the peak in the high-temperature strength curve 
is a result of precipitation hardening. 

High-temperature fatigue data for a cast steel containing 
0.53 per cent carbon were given by Tapsell and Clenshaw,^^^®^ 
but the room-temperature endurance ratio of only 27.5 per cent 
instead of a normal one of at least 40 per cent raises some doubt 
whether the data are representative. The endurance tests were 
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carried out to only 10 million cycles, which is probably not 
sufficient for tests at temperatures as high as 500 or 600°C. 
(930 or lllO^F.). 

In recent work Piwowarsky, Bo^id, and Sohnchen^®^®^ deter- 
mined the short-time tensile properties at temperatures of 650 


Table 87 — Composition and Other Pertinent Data of the Melts 
Studied by Piwowarsky, Bozic, and Sohnchen^*^®^ 



A 

0 26 

0 49 

0 76 

0 054 

0 013 

0 004 

0 0143 

0 0171 

0 010 

0 025 

1390 

2535 

1375 

2505 

B 

0 22 

0 36 

0 78 

0 063 

0 025 

0 004 

0 0061 

0 0141 

0 007 

0 022 

1370 

2500 

1350 

2460 


Basic open-hearth steels 


A 

0 30 

0 35 

0 60 

0 069 

0 079 

0 006 

0 0038 

1 

0 0143 

0 002 

0 027 

1400 

2650 

135012460 

Ferroeilicon 

B 

0 34 

0 34 

0 62 

0 084 

0 080 

0 006 

0 0051 

0 0155 

0 002 

0 022 

1410 

2570 

1275 2325 



Acid open-hearth steeb 


A 

0 35 

1 

0 29 

0 60 

0 029 

0 037 

] 

0 004 

0 0088 

0 0141 

0 000 

1 

0 030 

1360 

2480 

1 

127o! 

2320 

Ferroeilicon 

B 

0 41 

0 33I 

0 73 

0 025 

0 028 

0 005 

0 0057 

0 0196 

0 010 

0 035 

1410 

2670 

1390 

2535 



Bessemer steels 



















my 














* (1) Vacuum furfon, (2) chemical extraction 

t Deoxidation with ferromanganese and ferrosihcon, 0 5 kg per ton alummum in the ladle 


to 1450°C. (1200 to 2640®F.) of cast steels containing between 
0.2 and 0.4 per cent carbon. The steels were made by different 
processes (electric furnace, Bessemer, and open-hearth), and 
the properties at high temperatures were found to be dependent 
on the steel-making process. 

The primary object of thd investigation was to determine the 
cause of hot-cracks in cast steel. Rectanimlar slabs were cast 
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upright, chilled on two sides to produce transcrystallization, and 
specimens were taken with and across the direction of the crystals, 
on which short-time high-temperature tests were made. Only 
tensile strength and reduction of area were recorded. The test 
bar was radiused to a minimum at the mid-section and had no 
cylindrical gage length, apparently being thus chosen, because 
of poor temperature distribution along the bar, in order to make 
sure that the temperature recorded by the thermocouples at the 


Temperature , deg F 

(200 1600 2000 2400 1200 1600 2000 2400 



Fig. 177 — Effect of elevated temperatures on the tensile strength of cast 
carbon steels made by different processes See Table 87 for composition and 
details of deoxidation {Piwowaraky, Boiib, %nd Sdhnchen 


minimum section represented that of the active portion of the 
test bar. The core of the bar was calculated to vary in tempera- 
ture from that at the locations of the thermocouples by as much 
as 7®C. (13®F.). The tests are therefore of a special nature, 
representing neither an ordinary sand casting nor an ordinary 
high-temperature tensile test. 

The compositions and mode of deoxidation are given in Table 
87. 

The results are shown in Figs. 177 and 178. On account of 
incipient melting (analogous to the burning' ’ or overheating of 


Tensile slrenglh^thousand lb per sq m 
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steel) at around 1350°C. (2460°F.) the reduction of area fell to 
zero. 

No appreciable difference was noted in the tensile strength of 
all the steels above 1000°C. (1830®F.). Notable differences were 
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Fiq. 178 — Effect of elevated temperatures on the reduction of area of cast 
carbon steels made by different processes See Table 87 for composition and 
details of deoxidation {Piwowarsky^ Boiic, and Sbhnchen 


found in reduction of area at temperatures around 1050°C. 
(1920''*F.), especially in the electric- and Bessemer-steel specimens 
taken in different directions in relation to the direction of the 
crystals. These steels all had aluminum added, while the 
acid and basic open-hearth steels did not. 
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A detailed study of the results obtained by Piwowarsky, 
Bo2i(5, and Sohnchen should be of interest in relation to the work 
of Sims and Lillieqvist^®^^^ on inclusions in cast steel. 

173. Effect of Temperattire on the Properties of Cast and 
Malleable Irons. — As stated on page 292, the modulus of elasticity 
of cast iron is indeterminate, the stress-strain curve being curved 
from the origin even at room temperature. The slope of the curve 



Fig 179 — Effect of section size on the stress-strain curves at 540°C (1000°F ) 
of a gray cast iron containing 3 25 per cent carbon and 1.70 per cent silicon 
{Bolton and Bornatein.^^^'^)) 


also varies with the size of the casting as is indicated by Fig. 179 
from Bolton and Bornstein*^®^' which shows stress-strain curves 
at 540‘’C. (1000®F.) for a cast iron containing 3.26 per cent 
carbon and 1.70 per cent silicon. These investigators also 
reported data on the tensile properties of four gray irons at 
temperatures up to 540°C. (1000®F.). The properties were 
determined on 0.505-in. specimens, machined from cast 1.25-in. 
bars for irons Nos. 1, 2, and 3 tested at 425'’C. (800®F.) or below ; 
and machined from cast 1.0-in. bars for all of the tests at 540°C. 
(1000°F.) and for the tests of iron No. 4 at 426®C. or below. The 
data are jpven in Table 88. 
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Table 88. — Shobt-timb Tensile Stbbngth op Foub Cast Irons* 


Iron 

Composition, 
per cent 

Tensile strength, lb. per sq m 
testing temperature of 

, for a 

number 

Total 

carbon 

Sihcon 

20®C. 

(70°F.) 

230“C. 
(450^ ) 

400^*0 

(750°F.) 

540°C 
(1000°F ) 

1 

3 54 

2 17 

22,000 

17,000 

20,000 

12,000 

2 

3 51 

1 71 

27,000 

28,000 

28,000 

20,000 

3 

3 31 

1 63 

32,000 

33,000 

34,000 

24,000 

4 

2 90 

1 75 

42,000 

39,000 

41,000 

26,000 


* Bolton and BornBtein.<*”> 


In commenting on these and other properties reported in the 
same paper, Bolton and Bornstein stated: 

Gray irons, irrespective of classes or grades, when judged by short- 
time tests, appear to have a very slight change from their original 
tensile strength between room temperature and 425®C. (800®F.). In 
certain cases [for example, irons Nos. 1 and 4, Table 88] a slight increase 
may appear between 315 and 425®C. (600 and 800®F.). Above 480°C. 
(900°F.) there is a sharp lowering m strength in all grades, which lower- 
ing continues with increase in temperature. 

These investigators also gave data which indicate that the 
tensile strength, elongation, and reduction of area of malleable 
iron change very little between room temperature and about 
425°C. (800°F.). Above this temperature the tensile strength 
decreases and the elongation and reduction of area increase. 

Results of high-temperature tensile and endurance tests, 
reported by Moore and Lyon( 226 ) f^j. Iyou of 3.44 per cent 

total carbon, 0.68 per cent combined carbon, 1.10 per cent silicon, 
0 62 per cent manganese, 0.51 per cent phosphorus, and 0.09 per 
cent sulphur, are shown in Fig 180. The iron was cast as hollow 
cylinders, 18 in. long, 12 in. inside diameter, and 14 in. outside 
diameter. In the prolonged-loading^^ tensile tests each test 
lasted ^‘several days.^^ 

Endurance tests at elevated temperature on a gray cast iron 
were also reported by Kaufmann.^^®^^ The specimens were 
taken from hollow cylinders, 27.5 in. high, 25.5 in. inside diam- 
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eter, and with a wall thickness of 1.6 in. The iron contained 
3.19 per cent total carbon, 1,09 per cent silicon, 0.82 per cent 
manganese, 0.12 per cent phosphorus, and 0.13 per cent sulphur. 

Testing temperoiture, deg C 


0 100 200 300 400 500 600 700 800 



Flo 180 — Elevated-temperature properties of gray cast iron containing 
3 44 per cent total carbon, 0 68 per cent combined carbon, and 1 10 per cent 
silicon (Moore and Lyon <^25)) 


Its tensile strength at room temperature was 38,000 lb. per sq. in. 
The endurance limits found were: 


Temperature 

Endurance limit, 

‘’C 

°F 

lb per sq in 

20 

70 

14,000 

100 

210 

.13,000 

200 

390 

13,000 

300 

570 

15,500 

400 

750 

16,500 

500 

930 

14,000 

600 

1110 

Less than 10,000 


So few tests were run at each temperature that these values are 
uncertain. 
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It will be noted that neither the ordinary short-time loading 
nor the more-prolonged-loading tensile test indicates that cast 
iron has increased strength in the blue-heat range, such as is 
met in ordinary steel. A similar absence of a region of strength 

Table 89 — Composition and Room-temperature Properties of Cast 
Irons Whose High-temperature Properties Are Shown in 
Fig. 181* 


Composition, per cent 


Kind of iron 

Total 

carbon 

Graph- 

ite 

Com- 

bined 

carbon 

Silicon 

Man- 

ganese 

Phos- 

phorus 

Sul- 

phur 

Gray ... 

High test 

3 40 

2 95 

2 70 

2 10 

0 70 

0 85 

1 50 

2 45 

0 75 

0 75 

0 15 

0 05 

0 03 

0 10 


Room-temperature properties 



Bnnell 

Transverse tests, 
1 2-m diameter, 
12-in centers 

Set 
under 
proof 
load, t 
in per 

in. 

Endur- 

ance 

Charpy 

Kind of iron 

hard- 

ness 

Break- 

ing 

load, 

lb 

Deflec- 

tion, 

in 

limit, 
lb per 
sq in 

impact, t 
ft-lb 

Gray 

197 

3400 

0 15 

0 0024 

14,500 

6 5 

High test 

237 

4500 

0 14 

0 0001 

22,500 

6 1 


* AUen.GM) 

t Proof load of 26,000 lb. per sq. in. applied 10 nun., load released, and permanent set 
measured 

t Large specimens, 4 06 in long, 0 80 in square, 3 20-in span, V-notch 0 16 in deep 


higher than that at room temperature is shown in the compression 
tests made by Sale.^'**> Sale used cast iron of 3.52 per cent total 
carbon, 0.42 per cent combined carbon, 1.58 per cent silicon, 
0.37 per cent manganese, 0.71 per cent phosphorus, and 0.12 
per cent sulphur, cast in hollow rounds, 1.5 in. outer diameter, 
0.5 in. inner diameter. The compression specimens had an 
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effective length of 9.26 in. The compressive strengths obtained 
were as follows: 


Temperature 

Compressive strength, 

°C. 

°F 

lb per sq m 

Room temper- 


ature 

87,000 

250 

480 

80,000 

310 

590 

66,000* 

410 

770 

72,000 

515 

960 

49,500 

635 

1175 

23,000 

755 

1390 

[ 7,850 


* Irregularities in the stress-strain curve indicate that this value is not reliable and 
Sale’s temperature versus compressive-strength curve is accordingly dotted at this point 

The curve for these values is slightly above that for structural 


Temperature, deg C 

0 100 200 300 400 500 600 700 800 



Fig. 181. — Elevated-temperature tensile strength of gray cast iron and high-test 
cast iron. See Table 89 for composition. 


steel at all temperatures. Figure 181, from a discussion by 
Allen, shows that there may be a slight hump for high-test 
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cast iron. The composition and room-temperature properties 
are shown in Table 89. 

F. AUTHOR’S SUMMARY 

1. Within the last decade many data on the effect of tem- 
perature on mechanical properties of ferrous alloys have been 
reported. Carbon steels lose strength so rapidly at elevated 
temperatures that alloy steels and special heat-resisting alloys 
are used if service conditions are severe; hence, most of these 
data were obtained on alloy steels rather than on carbon steels. 
As a result, despite the large amount of work which has been 
done, many fundamental facts about the high- and low-tempera- 
ture properties of carbon steels cannot yet be stated definitely. 

2 In general the hardness and strength of a steel vary 
inversely with the temperature, while the ductility varies directly 
Not only does the rate of change in properties vary with the 
temperature, but in some steels actual maxima or minima are 
observed in curves representing a property as a function of 
temperature. It is, therefore, necessary to determine properties 
not only over a wide temperature range, but also over rather 
small temperature intervals. The modulus of elasticity decreases 
with increasing temperature ; it is, however, difficult to determine 
the modulus or to locate exactly the proportional limit at tem- 
peratures above 300 or 400°C. (570 or 750°F ). 

3. With the exception of notched-bar impact resistance, the 
rate of change of properties at temperatures slightly above or 
below room temperature is small. At temperatures slightly 
below normal, the properties, except in the case of impact 
resistance, change more gradually with change in temperature 
than at still lower temperatures; the notched-bar impact resist- 
ance of many steels, however, drops precipitously near room 
temperature. The exact temperature at which this large drop 
occurs depends upon the composition and the previous treatment 
of the material. The true effect of carbon on the properties 
in the impact-embrittlement range cannot yet be evaluated. 

4. In general, values for endurance limit at elevated tempera- 
tures follow the same trend as the values for tensile strength. 
Data are given which indicate that the endurance ratio of carbon 
steels may be substantially ^ constant for temperatures from 
normal to about 500°C. (930°F.). There are not enough data 
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available to show that tliis constancy of ratio holds for all carbon 
steels and all conditions of testing The data do indicate, how- 
ever, that up to about 400°C. (750°F ) the endurance limit of 
low- and medium-carbon steels is at least the same as, and at 
some intermediate temperatures even higher than, at room tem- 
perature when this limit is obtained by rapidly reversed stresses 
alternating about a zero mean value. When the stress is not 
completely reversed, or when the reversal is slow, distortion by 
creep may occur Oxidation, unless prevented, may also affect 
the results. The few data available on endurance at subnormal 
temperatures indicate that the endurance limit rises propor- 
tionately with the tensile strength. 

5. In alternate-bending tests which, according to Schwinmng, 
Knoch, and Uhlemann,<^®®> give values 3 per cent higher than 
rotatmg-beam endurance tests, carbon steels containing 0 12 to 
0 60 per cent carbon show a peak at 300 to 400°C (570 to 750°F ) 
which is 100 to 200°C (180 to 360®F ) higher than the peak in 
tensile strength for the corresponding steel. A noteworthy 
phenomenon m these tests is that the alternate-bending strength 
for 10® reversals is as high as, or higher than, the tensile strength 
for the same steel at temperatures of 400°C (750°F ) or above 
Whether this phenomenon holds for all carbon steels or only for 
steels of the composition and structural condition used by these 
investigators should be determined by further work The alter- 
nate-bending strength for these steels at 300°C. (570°F ) and 
above is far greater than the yield strength. A 45-deg V-notch 
reduces greatly the alternate-bending strength; the amount of 
reduction depends upon the depth and sharpness of the notch 

6 At subnormal temperatures tensile and yield strengths 
increase slightly with fall in temperature, and reduction of area 
decreases. The limited data available indicate that elongation 
is affected but slightly. The few data quoted also indicate that 
the modulus of elasticity of medium-carbon steel is slightly lower 
at low temperatures than at room temperature, but for high- 
carbon steel the modulus is unchanged. 

7. As noted above, the impact resistance of many carbon 
steels decreases abruptly at temperatures which may be but 
slightly below normal. Marked differences in impact resistance 
at these slightly subnormal temperatures may be apparent in 
steels of approximately the same composition (as usually deter- 
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mined). Much of the variation in low-temperature impact 
resistance in low- and medium-carbon steels of apparently the 
same composition is due to a difference in grain size. Herty and 
McBride^^^^^ have shown that fine-grained steels have better 
low-temperature impact resistance than coarse-grained material. 
It IS even possible that gram size exerts such a marked influence 
on low-temperature impact resistance that the alleged specific 
effects of small amounts of alloying elements are in reality out- 
weighed by differences in the degree of deoxidation of the material. 

8. The work on the relation between low-temperature impact 
resistance and grain size has shown clearly that no definite 
conclusions on the effect of impurities or of small amounts of 
manganese, silicon, chromium, copper, and other elements (with 
the possible exception of nickel) can be formulated unless the 
gram-size variable is first taken into consideration Although 
it IS probable that carbon steels of small gram size have better 
low-temperature impact resistance than corresponding coarse- 
grained steels, a high degree of low-temperature toughness is 
apparently impossible to attain m carbon steels as a class; hence, 
m those applications where shock must be withstood at very 
low temperatures, alloy steels are usually specified. 

9 Between room temperature and the blue-heat temperature 
— about SOO'^C. (STO'^F.) — the strength, hardness, and endurance 
limit rise to a peak, whil^ elongation, reduction of area, and 
notched-bar impact resistance fall. After the blue-heat tem- 
perature has been passed, the tensile strength, yield strength, 
hardness, and endurance limit fall and, in general, the ductility 
and notch toughness increase. At still higher temperatures, 
say above 500°C. (930°F.), plastic flow becomes very evident 
The peak in strength and in hardness at the blue-heat temper- 
ature may not be a true phenomenon of the iron-carbon 
system. As some non-aging steels do not show this peak, it is 
possible that it may be caused by adventitious impurities. 

10. In the neighborhood of 450 to 600°C. (840 to 1110°F.) 
many steels show ^‘secondary , brittleness,” in other words, 
minimum ductility values. It is possible that this phenomenon 
may also be caused by impurities and that secondary brittleness 
might not be observed in pure iron-carbon alloys. The available 
data indicate that* shatter craeks in rails form in the range of 
secondary brittleness. 
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11. The properties of cast carbon steels at elevated tem- 
perature do not differ greatly from the properties of wrought 
steels of the same composition. In most cases, the properties 
of the latter are slightly superior to those of cast steels in the 
temperature range of 100 to 400°C. (210 to 750°F.), but the 
superiority tends to disappear at higher temperatures. It seems 
likely that such differences as exist in the elevated-temperature 
properties of cast and wrought carbon steels of the same com- 
position are largely the result of differences in grain size. 

12. The tensile strength of gray cast iron, regardless of class 
or grade, apparently changes very little in the range between 
room temperature and 425°C. (800°F.). A possible exception is 
high-test cast iron; data are quoted which show a slight peak 
in the tensile-strength curve at temperatures of 370 to 400°C 
(700 to 750°F.). Short-time tests of gray cast iron do not show 
an increased strength in the blue-heat range, as is characteristic of 
commercial carbon steels. Above about 480®C. (900°F ), there 
is a sharp lowering of the tensile strength with increasing tem- 
perature. Malleable iron, also, changes but little in tensile 
strength, elongation, and reduction of area at temperatures 
below about 425°C. (800°F ) Above this temperature, the 
strength decreases, and the elongation and reduction of area 
increase. 



CHAPTER XIII 


EFFECT OF TEMPERATURE ON PROPERTIES: 

II. CREEP TESTS 

Creep and Creep Testing — Creep Data on Wrought Carbon Steels — 

Creep Data on Cast Ferrous Alloys — Author^ s Summary 

In many types of service at elevated temperatures steel fails 
by distortion beyond the amount permitted for the particular 
application in question or by fracture, at stresses far below those 
of the short-time, high-temperature tensile- and yield-strength 
values or even below the proportional limit. The increasing 
loads and temperatures being used in modern steam-power plants 
and in oil cracking, for example, call for exact evaluation of the 
resistance of steels to slow deformation at high temperatures 
and for the development of alloy steels more suitable than carbon 
steels for severe service 

A. CREEP AND CREEP TESTING 

As mentioned in the previous chapter, the technique of testing 
at temperatures above atmospheric is difficult, the equipment 
costly, and the work tedious This is true for short-time tests 
but even more true for creep testing. At ordinary temperatures, 
the rate of application of load in a tensile test is of relatively 
minor importance. At elevated temperatures it is of such major 
importance that it may be said quite accurately that high-tem- 
perature properties of any material cannot be fully evaluated 
by a rapidly conducted tensile test The determination of the 
rate of deformation produced by a given load over a period of 
several hundreds or even thousands of hours is required to secure 
the data not given by the short-time tensile test. 

Because of the importance of an understanding of what goes 
on during plastic deformation, and of the methods used to 
determine it, a discussion of these two factors prefaces the correla- 
tion and summary of the actual creep data of carbon steels given 
later in this chapter. 
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174. Distortion of Carbon Steels under Load at Room Tem- 
perature. — Few quantitative data are available on the distortion 
under long-continued load of carbon steels at room temperature, 
since strain hardening of a steel stressed at a constant load 
slightly beyond the elastic limit soon stops the deformation. 
Thurston/ quoted by Howe/^) made some early tests on 
annealed and unannealed irons which showed that, when loaded 
at 90 and 80 per cent of its short-time tensile strength, annealed 
iron broke respectively in 35 and 91 days, but at 70 per cent or 
less it was unbroken after 17 months, while unannealed iron broke 
in 266 and 455 days at 80 and 70 per cent load respectively but 
was unbroken after 17 months at 60 per cent. The initial 
deformation followed by strain hardening, characteristic of creep 
curves, was shown m these early tests by Howe for annealed 
copper. Moisseiff^^^^^ studied patented cold-drawn bridge wire 
with 0.75 to 0.80 per cent carbon of 220,000 to 235,000 lb per 
sq. in. tensile strength and 103,000 lb. per sq in proportional 
limit. The wire was stressed, at room temperature, to 113,000 lb. 
per sq. m. The extension found occurred mostly m the first two 
weeks, was practically complete after three weeks, and at the 
end of two months amounted to 0 00024 in. per m 

176. Plastic Flow and the So-called “Amorphous-metaF’ 
Hypothesis. — In addition to the temperature ranges discussed in 
some detail in the previous chapter, there is another dividing 
line of temperature, pot very clearly marked, above which 
^^creep^' becomes of greatest importance. (Creep is a property 
only qualitatively indicated in the short-time tests and so faintly 
indicated by them that an entirely different testing technique 
must be adopted to reveal the facts ) This dividing line is the 
softening temperature at which hardening, from prior cold 
deformation, is removed. The softening temperature is m 
the general range of what has been called the ^^equicohesive- 
temperature range.’’ 

At low temperature, steel is elastic for low loads (it follows 
Hooke’s law) and only begins to show plastic deformation at the 
elastic limit. Cast iron, however, has some plastic behavior at 
room temperature; the stress-strain curves for soft irons are 
curved from the origin. If steel is stressed above the elastic 
limit, plastic deformation, t.e., slip, sets in, becoming marked at 
and above the yield point. In the range between the elastic 
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limit and the yield point, deformation is partly elastic and 
partly plastic. For metals like lead, for which room temperature 
is a relatively high temperature in comparison with the melting 
point, one is accustomed to see the plastic effect overbalance 
the elastic effect, and one expects such metals to creep under low 
loads ; lead roofing and lead piping are thus designed accordingly. 

For each metal and alloy there is some temperature range 
below which the behavior for low loads is essentially elastic 
and above which it is essentially plastic. This temperature 
range roughly coincides with the softening temperature, the 
temperature at which the effect of cold work is removed, but 
since the softening or annealing action is the resultant of time 
and temperature, the temperature is not a very definite one. 

It is recognized that plastic materials like glass and pitch 
may be very brittle at low temperatures and that at medium 
temperatures they may appear rigid on rapid loading but will 
slowly flow or sag on long-time loading. At a given temperature 
a pitch may be '^brittle^^ and yet in time flow out of a small 
orifice in a barrel From the analogy of slow flow of amorphous 
materials like pitch, there was built up, a couple of decades ago, 
the idea that metals contain an amorphous constituent. It 
was obvious that the crystalline grains could not be amorphous; 
so it was postulate^ that a submicroscopic boundary layer of 
cement’^ about the crystal is amorphous. The shift from 
elastic to plastic behavior at some temperature range was then 
ascribed to the softening of the amorphous cement; this view 
was made plausible by the fact that at low temperatures, when 
the cement was thought to be stiff, fracture takes place through 
the crystals, and at higher temperatures, when the cement would 
naturally be weak, it takes place between the crystals. The 
temperature at which this shift occurs was termed the equico- 
hesive temperature. 

While the more cautious early advocates of the amorphous 
theory were careful to phrase their comments to the effect that 
the boundary material acted as thqugh it were amorphous, others 
were less hesitant and fell into calling it actually amorphous. 
Several studies of the past decade indicated that the boundary 
material is essentially crystalline and not without orienta- 
tion,'^ as a strict definition .of the term amorphous would 
require. Layers of sputtered metal only a few atoms thick 
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have been prepared which appeared structureless when examined 
by X-rays but which shifted over to crystalline form on very 
slight heating. Recent work, however, indicates that the 
advocates of amorphous metal are in a defensible position.* 

Opinions differ on how much slightly imperfect or strained 
crystal lattices approach the behavior of a pitch-hke material, 
and some advocates of the amorphous theory have altered the 
definition of amorphous to include the strained or deformed 
lattice. The equicohevsive temperature was formerly defined 
as that at which the amorphous material is weaker than the 
crystalline and was said to mark the change from intracrystalline 
to intercrystalline fracture. This change in type of fracture 
more or less coincides with the softening temperature of cold- 
worked materials, and hence with the end of strain hardening by 
deformation, as well as with the '^relaxation'' temperature 
described by Scott. 

While it is true that one may expect the intercrystalline type 
of fracture at high temperatures and the intracrystalline type 
at low temperatures, the dividing line is not sharp. The best 
dividing line from the point of view of creep is the end of the 
strain-hardening range, for below this range there is some 
assurance that the rate of creep shown after a few hundred hours 
will decrease owing to strain hardening, e\J^n in spite of some 
decrease in cross-section, while above it the decrease in cross- 
section IS not compensated for by strain hardening, and it is 
possible that the rate of creep will ultimately increase Thus, 
there is some semblance of logic in using the term creep limit" for 
the resistance to creep below the end of the strain-hardening 
range, but it is inapplicable above it. 

176. The So-called Creep Limit. — ^The allowable deformation 
of a material for steam-turbine design may be less than 0 01 per 
cent per yr. over a period of 25 years and, while test methods are 
not yet adequate to evaluate accurately such low rates of defor- 
mation and to allow reliable extrapolation to such periods from 
those of actual testing, engineers are desirous of having data of 
that degree of precision. Obviously, the short-time tensile 
values are no direct measure of such slow yielding as is involved; 

* See, for example, the articles of E. Rupp, Kolloid Zeitschrifty v. 69, 1934, 
pp. 369-376, and of G. P. Thomsen, Nature^ v. 135, 1935, pp. 492-495. 
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hence, special creep tests must be made in order to evaluate the 
resistance to deformation under continued loading. To deter- 
mine even the relatively huge deformation, from the point of 
view of creep, of 1 per cent in 1000 hr. requires rather precise 
measurements of elongation, exact control of temperature, and 
a long period of test. 

Many of the older data on creep were obtained under test 
conditions such that the precise control of variables, judged by 
present standards to be essential, was not attained and often 
not approached. These data are usually wholly unreliable for 
design purposes and are useful only as rough indications, though 
much useful pioneer work was done with relatively crude equip- 
ment and methods. Unfortunately, owing to lack of under- 
standing at that time of the importance of some of the variables 
involved, early published reports often failed to include informa- 
tion on test methods essential to a correct appraisal of the validity 
of the results. The situation is further complicated by the 
opinion formerly held by some that there is a true creep limit at 
any temperature, which opinion has led to many statements m 
the literature regarding values for creep limit or ^Moad for no 
creep,^^ when what was actually meant was a final rate of creep 
that seemed very small in the eyes of the investigator at the time, 
or for his own purpose, or which represented merely the limit 
of sensitivity of the equipment then used. Then, too, many 
statements regarding behavior at elevated temperature^^ 
are too broad and sweeping, because they ignore the fact that 
there are two distinct regions above room temperature in which 
steels act differently, t.c., the region below and the region above 
the softening temperature. 

Steel work-hardens on being deformed, i.e., it is cold worked 
even though the temperature is above that of normal cold- 
working processes, and, if the temperature is not so high that 
the effect of cold work is removed by annealing as fast as it is 
produced, the steel which is deformed may still be capable of 
sustaining the load without risk of eventual failure. Hence, 
the design load, below the softening temperature, may be high if 
initial deformation can be permitted, or it may be relatively low 
if the criterion of failure is deviation from imttal dimensions. 
In this range a creep limit will depend entirely on the definition 
of allowable degree of deformation. 
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Above the strain-hardening range, there is increasing doubt 
whether there is any load that will not actually cause some 
minute deformation, and engineers who deal with this upper 
temperature range are beginning to consider it so and to design 
for materials that continuously stretch. The question then 
becomes whether the rate of creep will be too great for the purpose 
in hand over the period of service expected. Creep is, therefore, 
being expressed, not so often as the stress for a given creep limit 
where the criterion must be arbitrarily defined before it means 
anything, but as stress for a given rate of creep, usually in 
terms such as 1 per cent in 10,000 hr. or 0.1 per cent in 10,000 hr , 
etc. Days, months, or years are sometimes used for the time, 
but the common units are 10,000 or 100,000 hr. Even where 
strain hardening is not involved, the initial rate of creep is nor- 
mally much greater than that which occurs later, so that it is 
necessary to differentiate between total creep, which includes 
the initial deformation, and final rate of creep, which excludes it 
Most of the data now being reported represent the final rate of 
creep. It would be helpful to have the information presented in 
both ways. 

177. Problems in Creep Testing. — In all studies of plastic flow 
the rate of loading is important. High rates of loading indicate 
higher resistance of the material than do low rates. Similarly, 
the rate of extension under a given load at a given temperature 
is not constant in the* early stages of extension. Even in the 
region above the strain-hardening range the initial rate is greater 
than the rate hundreds or thousands of hours later. When creep 
has progressed so far that necking down occurs, the rate again 
increases till final failure ensues. The problem might then be 
phrased as whether this inversion in rate can occur, from the 
extrapolated data, within the desired life of the structure. 
Many attempts have been made to use methods of testing car- 
ried out somewhat more slowly than the short-time tensile test 
but still only carried on for a few days, and — ^by comparing the 
rate of extension from the ^‘3d to the 5th hour^^ or from the 
^^24th to the 72d hour’' — to predict what the rate will be after 
thousands of hours. 

In order to compare the high-temperature properties of steels 
for use in high-pressure superheated steam lines, a Subcommittee 
of the American Society for Testing Materials is collecting the 
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available creep data and is planning to take into account only 
such data as have been obtained with the precautions laid down 
in the code, and to disregard any creep tests which have not been 
carried to at least 1000 hr. The rate of creep between the 700th 
and 1000th hr. is to be used as one of the factors in the evaluation 
of the properties. This insistence upon data based on long- 
duration tests, by engineers who have given much thought 
both to methods of making the tests and to the industrial applica- 
tion of the data, is indicative of the necessity for a reasonably 
sound basis for the extrapolation that is still required. 



stress for a creep rate of 1 per cent in 100,000 hr at various temperatures (White 
and Clark <«») 


Foley, in discussion of a paper by White and Clark, showed 
creep curves which indicate that in some cases it may take 
2000 hr or more for even the general trend of the creep curves to 
become evident. 

178. Accelerated Creep Tests. — White and Clark^^®®^ examined 
several types of steel at a range of temperatures and found, as 
shown diagrammatically in Fig. 182, that the relation between 
creep and one of the most widely heralded accelerated methods 
(Hatfield^s^®*^®^ time-yield test) varied with both composition and 
temperature. They found that the time-yield test ‘‘does not 
give values which can be directly converted into actual creep 
data,^^ though they considered that the method has “possi- 
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bilities^' as a relatively rapid, but only qualitative, method of 
study. 

Pomp and coworkers, in investigations of the accelerated 
method for determining creep developed at the Kaiser-Wilhelm 
Institut fur Eisenforschung,^^^^^'^^^) made a study in which assumed 
values for loads to give a final creep rate of 1 per cent in 10,000 hr., 
guessed at from the rate of extension between the 5th and 10th 
hr., were compared with actual creep curves. (Few of the latter, 
however, were carried on for more than 500 hr., all too short 
a period for reliable results ) 

Pomp and Hoger^^^^^ made comparisons at 400 and 500°C. 
(750 and 930®F.). At 400®C. (750°F ) the correlation was con- 
sidered by them to be satisfactory save in the case of a quenched 
and tempered nickel-chromium steel for which they assumed, 
from the accelerated test, that a load of 31,000 lb. per sq in 
would give a final rate of 1 per cent in 10,000 hr. but which, 
actually so loaded, gave a creep rate of about 4 per cent. There 
was also a considerable discrepancy at 500^^0. (930°F ). In 
other tests at 500® C. the value for a steel of 0 11 per cent carbon 
was guessed to be 6700 lb per sq in , but their creep data indi- 
cated only 5700; and a nickel steel of 0.18 per cent carbon and 
1.56 per cent nickel, for which a value of 25,000 lb per sq in 
had been assumed, gave a higher final rate of creep than 1 per 
cent in 10,000 hr. when loaded at 24,000 lb per sq m. Never- 
theless Pomp and Roger concluded that, except for heat-treated 
steels, their method was useful. 

More recently Pomp and Herzog^^^^^ made comparisons at 550 
and 600®C. (1020 and 1110°F). It seldom took more than 
100 hr. of an actual creep test to show that the accelerated test 
led to values far too high, although a few 500-hr. and a couple 
of 800-hr. tests were made. A steel of 0.37 per cent carbon for 
which the assumed value was 3100 lb. per sq. in. actually showed 
less than 1400 lb. per sq. in. at 550®C. (1020®F ), while another 
of 0.04 per cent carbon and 0.83 per cent copper with an assumed 
value of 13,000 lb. per sq. in. actually showed but 3600. At 
600®C. (1110®F.), only alloy steels were studied. Two which 
were assumed to have a value of 14,000 lb. per sq in. each actually 
showed 5000 and 3500, while two others, both actually showing 
less than 1400 lb. per sq. in., had been assigned values of 6400 and 
4300 lb. per sq. in. for a rate of 1 per cent in 10,000 hr. 
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Pomp and Herzog agreed with other investigators that such 
accelerated methods have no useful function for temperatures 
above 500°C (930°F ), t.e., above the strain-hardening range. It 
logically follows that for any given steel the annealing tempera- 
ture which no longer allows strain hardening during creep must 
be experimentally established and that even at lower tempera- 
tures the behavior in the early stages of creep needs to be experi- 
mentally correlated with that in the later stages. Hence the 
answer, obtainable only by long-time creep tests, must be known 
before the accelerated-test results can be utilized. 

Thus it appears that the only possible advantage of early-stage 
tests IS as acceptance tests to find out if different lots of steel 
of the same composition and thermal history do act exactly 
alike in creep. It often happens, however, that similar specimens 
behave quite differently in the early stages of creep, but after 
500 or 1000 hr. their creep curves will coincide, so that eaily- 
stage acceptance tests might lead to the rejection of entirely 
satisfactory material 

179, Methods Based on Variable Load or Temperature. — 

Relaxation tests^^ have been tried m which a specimen is first 
highly loaded and creeps, and then either the load^^°®^ or the 
temperature is reduced until creep stops, within the sensitivity 
of the apparatus As Bailey and coworkers^^^^^ stated, such 
methods are ^^on triaF^ only They involve huge extrapolations 
and, while they may be useful in preliminary studies such as 
are contemplated by Austin with the equipment described by 
Austin and Gier^^®”^ (see discussion), data obtained by them are 
not yet generally considered acceptable or reliable substitutes for 
actual creep data. Many of the data in the literature obtained 
by such methods must be discarded for the present at least. 

Ranque and Henry^^^^^ improved the accuracy of Rohn's^^®®^ 
accelerated test (constant load and variable temperature) by 
refinements in technique. However, they did not provide for an 
adequate time factor They showed a curve based on 14 obser- 
vations made in 4 days on two machines, using four test specimens, 
at temperatures ranging from 200 to 750®C. (390 to 1380°F.), 
which is alleged to establish the creep limit for 5 per cent flow in 
1000 hr. (a rather large rate of flow compared to the 1 per cent in 
10,000 or 100,000 hr. desired by most American enginedrs^. 
However, they failed to give any true creep tests by which the 
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reliability of their figures might be appraised. It is not clear 
whether these authors view the Rohn test as one for preliminary 
appraisal of the high-temperature properties of a group of 
alloys in which it may have a legitimate use, or as a means of 
securing data applicable to problems of engineering design 
They probably take the former view since they stated that the 
method is particularly valuable for laboratory investigations. 
Lacking any comparison with long-time creep or service data, it 
would appear that they might well have warned the engineer 
against trusting such data until a sound relationship with long- 
time load-carrying capacity has been established. 

McVetty^^^®^ has proposed a method by which, when sufficient 
long-duration creep data are available and assurance of metal- 
lurgical stability is given, extrapolation may be made on the 
basis of correlation of the values into families of curves con- 
sistent with the known behavior of many types of steels He 
presented such families of curves for 0.30 per cent carbon cast 
steel and 0.40 per cent carbon wrought steel. 

Loading a given specimen to a high stress, establishing its 
rate of flow, and then lowering the stress upon the same already 
stretched material and again measuring the rate of creep has 
been used,^®^^^ but most investigators believe this ‘^step-down^' 
practice tends to give high results. Coffin and Swisher^®^^^ said: 
^^The behavior of a material at high temperature depends upon 
the manner of loading, and, therefore, the numerical values of 
creep strength have significance only when viewed in the light 
of procedure and apparatus used in making the tests. 

The step-up’^ method, in which the specimen, at a given 
temperature, is first loaded so low that it does not stretch at all, 
or after about 1000 hr. maintains a constant or decreasing rate 
of flow, and in which the stress is then raised for another such 
period, is used more often than the step-down method and seems 
less objectionable. But Kanter and Spring^®^®^ produced evi- 
dence to show that this method also is ^^inaccurate.^' 

180. Conclusions on Creep Testing. — For the most valuable 
comparison of creep characteristics it seems necessary to use but 
one load and one temperature for each specimen and to carry 
the test on for a long period. The tentative creep code proposed 
hy the Joint Research Committee on the Effect of Temperature 
on the Properties of Metals requires that tests to be reported 
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in terms of load to produce a creep rate of 0.1 per cent in 10,000 
hr. shall be carried on at least 1000 hr., and those of 1 per cent in 
10,000 hr. for at least 500 hr. It also provides for limits of tem- 
perature variation, for uniformity of temperature over the gage 
length of the specimen, and for sensitivity of elongation measure- 
ments, and it provides that individual specimens be used for each 
load and temperature. These requirements all appear essential 
to accuracy, as was forcibly brought out in discussions by Gillett 
and Cross^®^'*^ and by Foley.^®^®^ Relatively few of the many data 
in the literature have been obtained under the conditions specified 
in the code, and many of the relationships that should be made 
clear on the effect of different variables on creep resistance are 
obscured by the inaccuracies and inconsistencies of the older 
data on creep 

Dustin^®®®^ reported that the Belgian Research Committee 
on Behavior of Metals at Elevated Temperature, utilizing the 
results of work in other countries, studied the various high-tem- 
perature testing methods which had been recommended and, 
both from published data and from direct experiment, decided 
that none of the accelerated methods was reliable and that tests 
of over 1000 hr were required. ^‘Prototype'' steels are selected 
by evaluation by the long-time tests, and acceptance tests are 
expected to be made on the basis of agreement of several creep 
curves for the specimens under study with those of the prototype 
steel during tests of say 130 hr. duration. 

Clark and Robinson^^®^^ have reported creep tests on low-alloy 
steels which were earned out for 10,000 hr , and which raise 
interesting questions on the extrapolation of shorter time tests, 
but which unfortunately were not so carried out as to answer 
them. 

181. Importance of Creep Data. — Pending the realization of 
the hope of development of trustworthy rapid methods for 
determination of long-time load-carrying ability — a hope still 
far from fulfilment — designing engineers are asking more and 
more emphatically for definite data on long-time creep resistance 
of steels at elevated temperatures. Obtaimng the needed data 
is both time consuming and expensive, but engineers are slowly 
realizing that the information is worth its cost. 

Until the fundamental laws of creep become much more clearly 
apparent, so that valid generalizations and some correlation with 
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other more readily determinable properties can perhaps be made, 
it will be necessary that the problem continue to be attacked 
on the basis of individual instances before suitable information 
will be available for evaluation of the mutual effect of many 
variables occurring together. Hence, for an answer to most 
specific questions of engineering design for high-temperature 
service, special creep tests need to be made on the specific mate- 
rials and at the specific temperatures under consideration. 

That both engineers and metallurgists are becoming creep 
conscious^' is evidenced by a casual comparison of the papers 
in the 1924(^10) and the joint A.S T.M. and A S.M.E. 

symposia on Effect of Temperature on Metals and by perusal 
of TapselFs^^®®^ 285-page book, which is entirely devoted to a 
discussion of creep of metals. 

Nevertheless, even the most reliable laboratory creep data fail 
to throw direct light on many engineering questions that are of 
an equal order of importance. The situation is rather analogous 
to that of the determination of the endurance of metals under 
repeated stress, where much effort was required before the details 
of test specimens and test methods were so worked out that 
consistent results were obtainable by different laboratories and 
where much time was spent in chasing the mirage of ^^accelerated 
methods.^^ After endurance-test methods came into use which 
did give results reproducible m any laboratory and masses of 
data were accumulated and correlated, it became evident that 
the endurance limit was but one of the highly important criteria 
m judging the suitability of materials for service under repeated 
stress, and that intelligent engineering judgment m evaluating 
the various properties of the materials in the light of the par- 
ticular service could not be replaced by the single value for 
endurance limit. 

Similarly, a definite knowledge of creep rates of materials 
for high-temperature use, based on 1000-hr. laboratory tests 
for instance, does not tell the whole engineering story. Large 
extrapolations are still necessary to predict behavior over many 
years of service; the short-time high-temperature and impact 
properties need to be determined and considered when occasional 
overloads or shocks are imposed in service; and most important 
of all the question must be answered whether the material under- 
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goes slow structural changes during long exposure at the tempera- 
tures of service. 

Unless the material is initially in a stable state, changes, such 
as in microstructura or those of a precipitation-hardening or 
agglomeration-softening nature, may occur which are not 
clearly brought out even in several thousand hours, still less in 
but a few hundred hours, of creep testing. The problem is not 
so difficult in the case of carbon steels as it is in the case of some 
of the newer alloy steels, for the structural stability of carbon 
steels and the factors affecting it are better understood The 
precipitation-hardening effects in carbon steels, however, are 
not yet so well clarified. 

The range of temperatures over which carbon steels are usable 
is smaller than for the heat-resistant alloys, so that less work is 
required to establish the behavior in the important range. 

For all the steels there is some range of commercially important 
temperatures in which the properties change rapidly. Unless 
the actual temperatures of service are known with exactness — 
and the engineer\s knowledge of temperature fluctuations in 
service is generally very hazy — a perfectly correct choice of 
materials for the alleged temperature, based on creep and other 
data at that temperature, may be an erroneous one for the actual 
temperature range As Swift put it in a discussion ‘‘Safe 
working stress depends on the uncertainties as to the maximum 
stress and maximum temperature in service and can never, 
therefore, be determined purely by tests of materials at high 
temperatures.^^ The effect of oxidation and the corrosive 
effect of the particular atmosphere surrounding the material in 
service and at service temperatures introduce disturbing factors 
which are often of the highest importance. 

Thus knowledge of creep resistance alone tells but a small part 
of the story. That part, nevertheless, is a most essential one, 
and its determination under conditions such that the propensity 
toward creep is separated from the other variables and evaluated 
by itself is indispensable for the engineer's complete appraisal 
of the situation. Some engineers are temporarily blinded by 
their excessive interest in creep data and neglect the other impor- 
tant factors. A few are equally blinded by their abhorrence for 
any test method so tedious and expensive as creep, refuse to 
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obtain or utilize creep data, and will consider nothing but service 
data or those obtained under fully simulated^^ service con- 
ditions, in spite of the diflBiculty of describing or duplicating 
exactly all service conditions with their manifold variables and 
the need for such large amounts of data that statistical methods 
can be used for evaluation. The open-eyed middle course will, 
of course, be the one of progress. 

Some of these points of view are interestingly brought out in a 
discussion of a paper by Eaton^®®®^ in which MacQuigg made 
the seiisible proposal that practical limits for the definition of 
creep and method of determining it be agreed upon for immediate 
engineering use, that study of short-time tests for rapid-inspection 
purposes be continued, and that research laboratories continue 
the laborious searching for fundamentals. 

The promulgation of the for short-time and for 

creep-test methods is an important step along the path outlined. 

B. CREEP DATA FOR WROUGHT CARBON STEELS 

Reliable quantitative data on carbon steels are largely lacking, 
not only because of the unstandardized or non-standard test 
methods formerly in vogue but also because the creep resistance 
of carbon steels is so low at high temperatures that most attention 
has been paid to the heat-resisting’^ alloy steels of better creep 
resistance. 

It would be very helpful if all laboratories reporting creep 
tests on alloy steels would make available at the same time creep 
data on carbon steels of approximately the same basic analysis. 
Bailey and associates^^^®^ pointed out that designers know the 
service behavior of medium-carbon steel at 400°C. (750®F ) 
and that the divergent values of creep reported by different 
investigators might be more nearly reconciled if their values 
for high temperatures were looked at as percentages of what 
they find at 400°C. (750°F.). 

182. General Trend of Creep Characteristics. — Marked differ- 
ences are shown in curves for creep (strain) versus time at rela- 
tively low temperatures, where strain hardening can occur, 
compared with those for higher temperatures, where it cannot 
occur. Such families of curves were shown by French and 
Tucker. The smoothed curves are utilized to show the 
relations diagrammatically in Fig. 183 from Tapsell.^^®®^ The 
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curves 1 to 7 are in the order of decreasing stress. Comparing 
these, it is seen that at high stresses, such as from 1 to 5, the 
specimen will ultimately neck down and break, since the rate 
passes through an inflection, and that, to have reasonable 
assurance that at lower stresses more creep than is permissible 
will not occur before the time (calculated from the final rate of 
creep) when the test is stopped (e.g. at 40 days or 1000 hr.), 
it is necessary to have very small rates of deformation, as in 6 or 
7. While these curves were not scaled, curve 6 will probably 
correspond to a creep rate of 1 per cent in 10,000 hr. and 7 to 
0.1 per cent in 10,000 hr. Where strain hardemng can occur. 



Fig 183 — Diagrammatic representation of time-stram curves for a steel at a 
temperature where strain-hardening is A considerable and B small Curves 
1 to 7 are in the order of decreasing stress. See text above. {Tapsell.^*^^^) 


the initial deformation corresponding to a small final rate of 
deformation is much greater than where it cannot. 

Figure 184, from Kanter and Spring,^ 26 o) shows the tensile 
properties at temperatures up to 650®C. (1200°F.), and the 
stresses that give several creep rates at different temperatures, 
of a 0.17 per cent carbon steel. The creep rates give total creep 
and, therefore, the extension of the specimen during the first 
10,000 hr. In Fig. 185, from a discussion by Kanter, double 
logarithmic plotting is used to indicate the rate of total creep of a 
0.33 per cent carbon steel at different temperatures and at 
different loads. It will be seen that the relations found by Kanter 
for temperatures between 400 and 540®C. (750 and 1000®F.) 
agree rather well with the relationship shown by Bailey ^ and 
Goworkers^"*®^^ in Fig. 186 which indicates the creep resistance at 
temperatures above 400®C. (750®F.) as a percentage of the 





510 


THE ALLOYS OF IRON AND CARBON 


creep strength at that temperature. Bailey^s curve, however, 
refers to a minimum rate of creep instead of total creep. 

183. Effect of Carbon Content on Creep Characteristics. — At 
temperatures up to 425°C. (800°F.) increase in carbon content, 
in plain carbon steels at least up to 0.6 per cent, raises the creep 



Fig 184 — Stress- temperature curves for long-time and short-time tensile 
tests of a rolled and normahzed basic open-hearth steel containing 0 17 per cent 
carbon. The stress ordinate is logarithmic {Kanter and SpringS^^^^) 


resistance, but at higher temperatures the increase brought 
about by increased carbon content is small or undetectable. 
This was commented on by French in discussion of a paper by 
Spooner and Foley^^®^^ and was shown diagrammatically by 
Tapsell.^^®®^ Some of the data used by Tapsell are shown in 
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Fig. 187; the so-called creep liinit^^ is the stress which produces 
a rate of elongation of about 4 per cent in 10,000 hr. at the end 
of 1000-hr. tests. The steels had been normalized. 

In a later appraisal, Tapselb®®®^ stated that in annealed or 
normalized wrought carbon steels the creep resistance of a 
0.10 per cent carbon steel is about 10 per cent below, and that of 



Fig 185. — Relation of stress to total creep for a 0 33 per cent carbon steel 
{Kanter, in discussion of paper by Bailey and coworkers 

a 0.50 per cent carbon steel about 20 per cent above, that of a 
0.25 per cent carbon steel taken as a base-line. He remarked, 
however, that the creep resistance of cast steel does not neces- 
sarily increase with carbon content. 

The creep properties of steels containing high carbon, eutec- 
toid or hypereutectoid steels, apparently have not been studied 
except for the investigation of Pomp and Dahmen,^^®^^^ who 
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included a spheroidized 1 per cent carbon steel in early acceler- 
ated^’ creep tests which covered only the initial stage of deforma- 
tion under load and gave no acceptable values for true long-time 
load-carrying ability. The rough tests made indicated that 
under the conditions of the test such a steel deformed under 
much lower loads at 400 to 500°C. (750 to 930®F.) than did 
much lower carbon steels containing lamellar pearlite. 


Tcmpcraiure.deq C 



Temperature, deg F 

Fiq 186 — Creep resistance of medium-carbon steels plotted as percentage of the 
resistance at 400°C (750°F ) {Bailey and coworkers ^^*^0 

It was found by Kanter and Spring^^eo) 425°C. (800®F ) 

an open-hearth iron and a Swedish iron flowed more rapidly 
under a stress of 10,000 lb. per sq. in. than did steels containing 
from 0.17 to 0.40 per cent carbon; but at 540®C. (1000°F.) 
and a stress of 3000 lb. per sq. in. there was no appreciable dif- 
ference, while at 650®C. (1200®F.) and a stress of 500 lb. per sq. in. 
the open-hearth iron flowed somewhat less than a steel con- 
taining 0.35 per cent carbon. 

Clark, in discussing a paper by Bull,^^^®^ reported the results 
of creep tests on a 0.13 per cent carbon steel made ‘‘by alloy-steel 
practice” which indicated that the stress required to give a rate 
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of deformation of 1 per cent in 10,000 hr. was 13,000 lb. per 
sq. in. at 425°C. (800®F.) and 11,000 lb. per sq. in. at 480®C. 
(900^F.); in a commercials^ 0.18 per cent carbon steel similarly 
tested the tests indicated that a stress of only 7000 lb. per sq. m. 



Fio 187 — Relation between carbon content and the stress required to 
produce a rate of deformation of about 4 per cent in 10,000 hr. The steels had 
been normalized. (*’«>) 


at 455°C. (860°F.) produced tbe same rate of flow. According 
to a discussion by Kinzel/^®*^ a silicon-killed steel has a higher 
creep resistance than a semikilled or rimmed steel. Whitney^^**^ 
remarked, with respect to tubing, that not only the composition 
but the steel-making and tube-making processes alter the high- 
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temperature properties. Hence, one can hardly expect that 
the recorded creep data for carbon steels will be consistent unlesj- 
these variables are also recorded. 

Dauvergne^®®^^ made tests of four carbon steels at different 
loads and temperatures for periods up to 36 hr., in order tc 
obtain a figure which he termed elastic limit,^^ defined by him 
as the load which will produce an extension of 0.0005 per cent 
per hr. in the interval between the 25th and 35th hour. Since 
no long-time creep tests were recorded, the relation of Dau- 
vergne^s data to actual creep properties is not clear. His curves, 
however, show differences in the same direction as those reported 
by Clark and by Kinzel between rimming and killed steels. The 
steels were made in the haste open hearth and were of the follow- 
ing composition: 


Steel 

Element, per cent 

C 

Si 

1 

S 

P 

Mn 

Cu 

Ay rimming steel 

0 09 

Trace 

0 023 

0 019 

0 54 

0 08 

By boiler-tube quality 

0 12 

0 06 

0 027 

0 013 

0 62 

0 07 

Cy high-quality 

0 12 

0 11 

0 025 

0 014 

0 61 

0 09 

Dy high-silicon 

0 12 

0 19 

0 024 

0 010 

0 62 

0 08 


Analysis for aluminum was made, but only faint traces were 
found. 


Table 90 — Longitudinal Tensile and Impact Properties and High- 
temperature “Elastic Limit^^ of Rimming and Killed 
Low-carbon Steels* 


Steel 

Tensile and impact properties 

Load for elongation of 

0 0006 per cent per hr be- 

Tensile 
strength, 
lb per 
sq m 

Yield 
strength, 
lb per 
sq in 

Elonga- 
tion, 
per cent 

Reduc- 
tion of 

area, 
per cent 

Mes- 

nager 

impact, 

kg 

hour, ] 

400°C 
(750°F ) 

ib per sq 

460°C 
(840°F ) 

in , at 

475®C 
(890°F ) 

A 

49,000 

35,600 

37 

72 

31 

11,400 

7,400 

6,100 

B 

55,500 

42 , 600 

36 

74 

23 

13.000 

9,800 

6,600 

C 

57 , 600 

44,000 

36 

66 

28 

20,000 

17,000 

10,600 

D 

50 500 

43,600 

32 

60 

15 

16 600 

12.700 

9 . 000 


* Dauvergne 
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The tensile and impact properties and the so-called ^‘elastic 
limit^' as determined by Dauvergne’s method are given in Table 
90. 

Dauvergne concluded that the 0.11 per cent silicon steel was 
correctly killed and that the one with 0.19 per cent silicon con- 

Temperature,deg C 



Temperature, deg F 

Fiq. 188. — Stresses for creep rates of 0 1 per cent and 1 per cent in 10,000 hr for 
steels containing 0,08 to 0 17 per cent carbon 

tained inclusions which perhaps accounted for its lower impact 
value. No data on grain size were given 

184. Correlation of Creep Data on Carbon Steels. — Data on 
creep of carbon steels obtained by long-time methods and 
reported in terms corresponding to 0.1 or 1 per cent in 10,000 hr., 
as obtained by Spooner and Foley, Norton,^^^®^ French and 
coworkers,^®^’^^^’^^^.’^^^^ Ranter and Spring,^^®®^ and Spring, 
and some unpublished results obtained by a user of carbon-steel 
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tubing, have been collected and separated into groups of 0.08 
to 0.17 per cent carbon, 0.18 to 0.35 per cent carbon, and 0.40 
to 0.45 per cent carbon. These data, plotted in Figs. 188, 189, 


Temperoiture>deg C 
300 350 400 450 500 550 



500 600 700 800 900 1000 1100 


7emperafune,dleg F 

Fig. 189 — Same as Fig. 188, for 
steels containing 0.18 to 0.35 per 
cent carbon. 


and 190, show a wide scatter when 
there is a fairly large number of 
points. 

The central solid line in Fig. 191 
shows average values of stress for a 
rate of deformation of 0.1 per cent 
in 10,000 hr. for all of the steels, 
and the shaded area shows about 
the range of scatter of the data. 
The bulk of the data giving the 
lower boundary of the band proba- 
bly refers to total creep, while those 
giving the upper boundary quite 
certainly refer only to the final rate 
of creep. Design stress values for 
oil-still tubes of carbon steel as com- 
piled by Dixon^^^^^ are shown as 
circles in Fig. 191. The crosses are 
the design values given by Jasper 
in discussion of a paper by Kanter 
and Spring, and the triangles 
are those given by Jacobus. 
The design values for 650 and 
705°C. (1200 and 1300°F.) may 
appear high, but they are for tubes 
that may bulge without serious 
consequences. The values are 
probably near the curve represent- 
ing the stresses that will produce a 
deformation of 5 per cent in 10,000 
hr. In testing, it is now common 
practice to determine the stress 


that will produce a rate of deformation of 0.1 or 1 per cent in 
10,000 hr., but for purposes of design a higher or a lower rate may 


be important. 

While the creep situation was complicated by the lack of 
standardization of test methods, prior to the promulgation of 
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the creep code of the Joint Research Committee on the Effect 
of Temperature on the Properties of Metals/®^*^ it nevertheless 
appears that the scatter of published data is not due solely to 
discrepancies in testing methods, but that a considerable part 
of the variation must be caused by inherent differences in the 
steel itself, differences which cannot be traced to the composition. 



Fio. 190 — Same as Fig 188, for steels containing 0 40 to 0 45 per cent carbon. 


at least in the elements usually determined. It is recognized 
that for the best creep resistance the steel should be in an initially 
stable state, but, except for a very few studies of split heats, 
little information is available, based on the same heat of steel, 
showing the properties of cast versus wrought, annealed versus 
wrought, annealed versus normalized, normalized versus normal- 
ized and tempered material, etc. 
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Temperature, deg C 

250 300 350 400 450 500 550 600 650 700 



450 550 650 750 850 950 1050 1150 1250 1350 


Temperature, deg F 


Fig. 191 — Creep properties of carbon steels The central solid line is the 
average for a rate of deformation of 0 1 per cent in 10,000 hr for all the values 
used for Figs. 188, 189, and 190, and the shaded area is the range of scatter The 
plotting points are design values, see text 
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Creep properties of carbon steels appear to be predictable only 
within limits that are far too broad for the satisfaction of the 
designer who has to use them at high temperatures. 

The standard creep tests have been made with tensile stresses, 
but Everett, in discuvssion,^^^^^ reported torsional-creep data 
for a carbon steel. For pure shear stress, as in torsion, according 
to Bailey and associates,^^^^^ the stress required to produce a 
given rate of deformation is about half of that required to produce 
the same rkte in tension. Curves were given by these writers 
to show the shear stresses at different temperatures required to 
give different rates of flow in steel contaimng from 0 2 to 0.3 per 
cent carbon 

186. Absence of Direct Relationship between Proportional 
Limit and Resistance to Creep. — It will be noted that short-time 
proportional-hmit values are not generally reproduced here and 
are not compared with creep properties. It was hoped by some 
of the workers on high-temperature properties of metals, in 
earlier days, that useful data in regard to long-time load-carrying 
ability at high temperatures might be obtained by sufficiently pre- 
cise determinations of proportional limit Clark and White^^oo) 
pointed out that, while the proportional limit may be of the 
same order of magnitude as the load for long life, at temperatures 
above the equicohesive temperature the correlation is not 
necessarily good. However, they considered the proportional- 
limit values useful if obtained by sufficiently refined apparatus. 
It is now well established that the load for long hfe falls below 
the proportional-limit curve at some temperature, say 450 to 
650°C. (840 to 1200°F.), which temperature varies with the 
particular steel tested. Or, expressed in another manner, the 
proportional-limit versus temperature curve is not parallel to 
the curve showing the stress required to produce a given amount 
of deformation in a given time, and no simple relationship 
between the two curves is evident. 

The short-time tensile and yield strengths are considered of 
value in showing the ability of the metal to sustain a short 
overload, and tentative methods for their determination have 
been codified by the Joint Committee on the Effect of Tempera- 
ture on the Properties of Metals,^®®®^ but it is stated that ‘^it 
seems that even a very delicately determined proportional 
limit for a metal has little if any definite significance as an 
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index of strength or weakness/’ Moreover, the Committee 
report showed that, while short-time tests for tensile strength, 
yield strength, elongation, and reduction of area, made according 
to the provisions of the code, are reasonably reproducible in 
different laboratories, those for proportional limit show too wide 
a scatter to be dependable. Even if the proportional-limit 
determination were reproducible, its results would be directly 



Fio. 192. — Creep rates for a 0 4 per cent carbon steel, as normalized and as 
treated to produce spheroidized cementite {Bailey and Roberta 

applicable only to a certain speed of loading which would be of no 
real engineering importance. 

186. Deterioration of Creep Properties in Service. — Fortu- 
nately, the chief factor in the deterioration of carbon steels in 
high-temperature service appears to be that of oxidation of a 
type that can be observed, rather than that of a more subtle 
intercrystalline deterioration which affects some of the alloy 
steels used in high-temperature service. Another factor affecting 
the behavior of a carbon steel in service is that of spheroidization 
of cementite, the mechanism of which is better understood than 
is that of intercrystalline deterioration of alloy steels. Bailey 
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and Roberts^ investigated the effect of spheroidization on 
creep in a 0.40 per cent carbon steel with the results shown in 
Fig. 192. These investigators also reported a marked drop in 
resistance in carbon and low-alloy steels after 2000 hr. at 560®C. 
(1040°F.). This was explained as a type of temper brittleness, 
which appeared even in steels which were not subject to temper 
brittleness on being maintained at temperature for normal 
tempering times. 

C. CREEP DATA ON CAST FERROUS ALLOYS 

As indicated in the previous chapter (page 482), differences 
in high-temperature properties between wrought and cast steels 
can be traced chiefly to the marked difference in grain size; 
much of the material in the following discussion deals, therefore, 
with the effect of this variable. As is the case in determining 
short-time mechanical properties, creep data of the greatest 
significance for a comparison of cast with wrought material 
are obtained by means of split heats. 

187. Creep Characteristics of Cast versus Wrought Steels. — 
The high-temperature properties of cast and wrought carbon 
steels were determined by Spring. Results of short-time 
tests are given in the previous chapter (see Figs. 175 and 176, 
pages 480 and 481). Spring also made creep tests. His values, 
given in Table 91 are the loads, in lb per sq. in., to produce the 
specified elongations in 10,000 hr. at the various temperatures. 
The tests for the 0 20 per cent carbon steel were made on a 
split heat, part of which was tested as cast and annealed, the 
other part was forged and annealed. The elongation values for 
loads of 10,000 and 20,000 lb. per sq. in. at 425°C. (800°F.) and 
for loads of 3000 and 10,000 lb. per sq. in. at 540°C. (1000°F.), 
versus time in days for this steel are plotted in Fig. 193. Com- 
parison of the data shows that the forged material had a slightly 
superior creep resistance at 290 and 425®C. (550 and 800°F.), 
but at 540°C. (1000°F.) the cast material had a decidedly higher 
creep resistance. 

The creep data for the 0.35 and 0.40 per cent carbon-steel heats 
do not show such clearly defined trends. The tests, in this 
instance, were not made on split heats, and the cast and wrought 
steels were of slightly different composition. 
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Table 91 — Creep Data on Cast and Wrought Carbon Steels* 


^ Stress (lb per sq in ) to produce an elongation of 

Testing 


temperature 

0 1 per cent 

1 0 per cent 

10 per cent 

°C 

ojp 

Cast 

Wrought 

Cast 

Wrought 

Cast 

Wrought 




0 20 pe 

r cent carbon 



290 

550 

28,000 

32,000 

37,000 

38,000 

46,000 

45,000 

425 

800 

8,000 

9,000 

15,000 

16,000 

27,000 1 

23,000 

540 

1000 



5,100 

2,600 

9,500 

6,500 



0 33 (cast) and 0 3/ 

) (rolled) 

per cent ca 

rbon 


290 

550 


22,000 

1 

44,000 



400 

750 

16,000 


20,000 


35,000 


425 

800 

10,000 

8,000 

17,000 

23,000 

23,000 


540 

1000 

1,800 

1,300 

3,500 

4,300 

12,000 

10,000 

650 

1200 



>1,000 

1,000 

2,200 

1,000 


0 40 (cast) and 0 41 (forged) per cent caibon 


290 

550 

15,000 


22,000 




400 

750 

11,000 


18,000 


37,000 


425 

800 

8,000 

7,000 

17,000 

25,000 

23,000 

35,000 

540 

1000 

2,000 

>1,000 

3,000 

2,500 

4,800 

8,000 


* Spring ois) 


Cast specimens were annealed, and hot-worked specimens were 
normalized before testing At creep rates of 0 1 per cent the cast 
material seems slightly superior, at higher rates the forged mate- 
rial, for most of the tests, shows a higher creep resistance, with 
the exception that the cast material is usually better at a tem- 
perature of 540°C. (lOOO^F ) or above. 

The creep resistance of a 0.30 per cent carbon cast steel and 
a 0.40 per cent carbon forged steel was determined by Bailey 
and Roberts. Results are as follows: 


Specimen 

Cast 

Forged 


Stress for a Creep Rate of 
1 Per Cent m 10,000 Hr. 
atSOO'^C (930"F) 
11,2001b per sq m. 
17,3001b per sq in. 
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On account of the difference in carbon content and the fact 
that a split heat was not used, these results cannot be taken as 
conclusive in determining the relative creep resistance of truly 
comparable cast and wrought materials. 

That cast steels are not necessarily superior in creep resistance 
at all elevated temperatures to wrought steels of the same com- 



Fiq 193 — Creep characteristics of cast and annealed and of forged and nor- 
malized specimens from a split heat containing 0 20 per cent carbon. 
{Sjynng 

position is shown by tests of split heats of austemtic (18 per cent 
chromium, 8 per cent nickel) steeb®®^^ where rolled material 
showed, on the whole, better results than cast. As far as 
ordinary carbon steels in the usable temperature range are 
concerned the general opinion se^ms to be that cast steels have 
advantages, but the question needs further examination and 
clarification. 

188. Effect of Grain Size on Creep Characteristics. — As noted 
in the previous chapter, causes for the differences in the high- 
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temperature properties between cast and wrought materials can 
usually be found in differences in grain size. Wilson^^^®^ cited 
creep tests on carbon-molybdenum steels which indicate that for 
high creep rates at low temperatures coarse-grained steels are 
stronger, but for low creep rates at low temperatures — in this 
case below about 480°C. (900°F.) — the finer grained steels show 
higher creep resistance. At more elevated temperatures — in 
this case 540°C (lOOO^F.) — the coarse-grained ones show slightly 
better creep resistance, while at very high temperature — 650°C. 
(1200°F.) — the coarse-grained are materially better, the differ- 
ence being accentuated at very low creep rates. 

White and Clark^^®^^ examined two molybdenum alloy steels, 
each in coarse- and fine-grained condition, and found that the 
temperature had to be somewhere between 425 and 540°C 
(800 and lOOO^F.) before the creep resistance of the fine-grained 
steel was surpassed by that of the coarse-grained one and that 
the difference between the two is often not sufficiently large to be 
of commercial importance. 

White, Clark, and Wilson^^^^*^^®^ in discussing the same data 
commented : 

The writers believe, however, the coarse-grained steels are not 
enough stronger than the fine-grained steels in the important range of 
industrial temperatures to urge a preference for coarse-grained steels 
In some respects the fine-grained steels have advantages over the coarse- 
grained steels. They do not coarsen so rapidly at forging temperatures 
and are invariably tougher and more ductile at atmospheric temperatures. 

Herzig, in discussion of White and Clark's paper, suggested 
that the equicohesive temperature may be different in coarse- 
grained and fine-grained steels of the same composition. 

The work of Enders,^®^^^ also discussed by Korber,^^ 28 ) 
problem of grain size, is unfortunately marred by the use of the 
unreliable ^^accelerated" method of Pomp and Enders, the lack 
of trustworthiness of which has been previously commented 
upon. If any value at all can be placed on Enders' estimate, 
from the rate between the 5th and 10th hour, of what the actual 
load might be to produce a final deformation rate of 1 per cent 
in 10,000 hr., his work would lead to the conclusion that a 0.37 
per cent carbon, 0.31 per cent silicon, 0 67 per cent manganese 
rolled steel, studied at 500®C. (930°F.), increases its load-carrying 
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ability progressively from (a) 6000 lb. per sq. in., to (b) 9800, 
(c) 13,500, and (d) 15,000 lb. per sq. in. as the grain size is 
increased by overheating from the ordinary annealing tempera- 
ture, used for (a), to annealing temperatures of (6) 1050®C. 
(1920°F.), (c) 1200®C. (2190°F.), and (d) 1300°C. (2370®F.). 
However, the two highest annealing temperatures produced 
not only a coarse but a Widmanstatten structure, with elongation 
values in the tensile test of only about 13 per cent. The impact 
values are not given but would doubtless be so low as to make 
such steel useless for many purposes. 

In a lower carbon rolled steel of 0.21 per cent carbon, 0.17 
per cent silicon, and 0 62 per cent manganese Widmanstatten 
structure was produced only by annealing at 1300°C. (2370°F.) ; 
the elongation values in the tensile test remained at about 27 per 
cent for all the other three treatments. 

The estimated load-carrying ability at 500°C. (930‘^F.) for the 
material annealed at ordinary temperature was 12,400 lb. per 
sq in., and for material annealed at all the other temperatures it 
was the same, 14,200 lb per sq in , although the gram size was 
decidedly increased at the 1200^0. (2190°F.) anneal over that 
at lOSO'^C. (1920'^F ) Thus the 0 20 per cent carbon steel 
showed (by the test used) no such sensitivity to increase in grain 
size as was found in the 0 37 per cent carbon steel. 

Enders made no direct comparison between cast and wrought 
steels of wholly analogous composition but did present ^^acceler- 
ated” test data on two cast steels of the following composition 
both being high in manganese for steel castings: 


Element, per cent 


c 

Si 

Mn 

P 

S 

0 20 

0 29 

1 05 

0 052 

0 058 

0 17 

0 37 

0 83 

0 08 

0 015 


In the green, as-cast state they had respectively only 4 and 8 per 
cent room-temperature elongation. The estimated loads for a 
final creep rate of 1 per cent in 10,000 hr. were respectively 
16,400 and 15,000 lb. per sq. in. at 500°C. (930®F.). On anneaK 
ing, the room-temperature elongation values rose only to 7 and 
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16 per cent respectively, and the creep loads were estimated at 
11,700 and 12,000 lb per sq in. 

Hence, of these cast steels, normally annealed, and the 0 21 
per cent carbon rolled steel, also normally annealed, the wrought 
steel had a very slight advantage at 500°C. (930°F ) on the basis 
of the Pomp and Enders method of evaluation, although the 
micrographs show the cast steels to have much larger grain 
size than the wrought steel. 

Since the method of evaluation is of doubtful validity, since 
the cast steels were not of acceptable ductility to represent 
ordinary cast steels, and since the effect of increase in gram size 
was so different in the two rolled steels, the chief value of Enders' 
work is in making it evident that too sweeping conclusions should 
not yet be drawn on the effect of gram size or the relative creep 
resistance of cast versus wrought steels 

It often occurs that oxidation makes a given type of steel 
commercially unusable before such a high temperature has been 
reached that a coarse-grained steel would be preferable In 
judging the relative merits of wrought and cast steels, on the 
basis that cast steel usually has the coarser gram, it should not 
be forgotten that castings may be difficult to gate and feed so 
that they are free from incipient pipes or shrinkage cavities, 
blowholes, and similar defects, while wrought articles may 
normally be made quite free from analogous defects. There 
also seems to be a far greater tendency to ‘^tension brittleness" 
m coarse-grained cast materials than in fine-grained wrought 
materials, the former sometimes showing very little creep for 
hundreds of hours and then failing suddenly by cracking without 
appreciable deformation This behavior usually does not 
appear in all test specimens of a given lot and is therefore not 
characteristic of the material itself in its best condition but 
rather of an individual occasional test bar, or an occasional 
casting in service, presumably one that was not properly fed or 
in which some of the coarse crystals were poorly oriented to with- 
stand the applied stress and so separated locally to form cracks 
The chances for such behavior seem far smaller in a fine-grained 
material. 

The broad statement that coarse-grained material is better for 
high-temperature service seems far from justified, even though 
it may be true for temperatures well above the softening tern- 
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perature. Such statements require proof in respect to the exact 
material to which reference is made and should be related to the 
particular temperature at which service is contemplated. 

189. Creep Tests of Cast Iron. — Bolton* found no definite 
evidence of creep at 315°C. (600®F.) with a load of 10,000 lb. per 
sq. in., within the precision of his test method, for a cast iron 
of 2.72 per cent total carbon, 0.58 per cent combined carbon, 
2.32 per cent silicon, 0 24 per cent phosphorus, 0.052 per cent 
sulphur, and a tensile strength (0.75-in. diameter bar) of about 
48,500 lb. per sq. in. 

Creep tests at 370°C. (700®F.) with a load of 10,500 lb. per 
sq. in were reported by Allen^^^®^ in a discussion of Bolton 
and Bornstein's^^^^^ article. The composition, room-temperature 
properties, and short-time tensile properties, of the gray iron 
and high-test iron are given in Table 89 and in Fig. 181 in the 
previous chapter. The creep rate, in in. per hr., and other 
pertinent data are given in Table 92. Curves showing rate of 
flow for these two irons and for two molybdenum cast irons 
are plotted in Fig. 75, page 189, of ^‘The Alloys of Iron and 
Molybdenum 


D. AUTHOR’S SUMMARY 

1. The use, in certain industries, of increasingly higher 
temperatures and increasingly heavier loads has made it very 
necessary that engineers be supplied with reliable data on the 
resistance of ferrous materials to slow deformation (creep) or 
to actual fracture when wsuch materials are subjected to these 
high temperatures and loads for long periods of time. It is 
even more difficult to secure such data than to determine the 
usual mechanical properties at elevated temperatures, as the 
time factor — the rate of application of the load — becomes of 
major importance. 

2. At room temperature and under low loads steel is essen- 
tially elastic, it undergoes plastic deformation only when sub- 
jected to loads above the elastic limit; plastic deformation 
becomes marked, however, only at stresses above the yield point. 
(Cast iron, on the other hand, exhibits plastic deformation at 
room temperature.) For most metals and alloys there is some 
temperature below which the behavior under low loads is essen- 

•See discussion of Bolton and Bomstein's^^*’'^ article, p 464 of Symposium 
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tially elastic and above which it is essentially plastic. This 
dividing line is the softening temperature — called the equicohe- 
sive temperature — at which hardening from prior cold deforma- 
tion is destroyed. As this softening is the resultant of both time 
and temperature, the temperature cannot be fixed accurately. 

3. When steel is stressed at temperatures below the softening 
temperature, strain hardening occurs with the result that the 
rate of creep decreases despite some decrease in cross-section. 
Above the softening temperature, where annealing destroys 
the hardening from cold working as fast as it occurs, the decrease 
in cross-section is not compensated for by strain hardening, 
hence the rate of creep may finally increase. 

4 Under conditions where strain hardening and a decrease 
in the rate of creep may occur there may be some justification for 
the use of the term creep limit,^^ to define an allowable degree of 
deformation Above the strain-hardening range, however, it is 
doubtful whether there is any load that will not cause some 
minute deformaj^ion. If this is the case, and it is becoming 
increasingly apparent that some materials stretch continuously 
at these temperatures, there can be no creep limit; the important 
factor IS whether the rate of creep is small enough for the purpose 
in hand over the period of service expected. 

5 Because the above factors were not taken into considera- 
tion, and because of experimental difficulties, most of the older 
data on creep are of little value. Recently, a coordinated 
effort has been made to standardize creep testing. One result 
IS that creep is being expressed not as creep limit, where all of 
the variables must be defined before the term has any meaning, 
but as the stress for a given ^‘rate of creep,^' usually in terms 
such as 1 per cent in 10,000 hr or 0.1 per cent in 10,000 hr. As 
the initial rate of creep is usually greater than the creep which 
occurs later, it is necessary to distinguish between total creep, 
which includes this initial deformation, and the final rate of 
creep, which excludes it. Recent data usually represent the final 
rate of creep. 

6. Much time and effort have been expended in an attempt 
to devise an accelerated test whereby the creep rate after thou- 
sands of hours can be predicted from tests made over a few hours 
or, at most, a few days. So far these attempts have not been 
successful. Some of them apparently have value as qualitative 
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tests, or as acceptance tests to discover if different lots of steel 
of the same composition and history act alike in creep. Even 
for such purposes, however, accelerated tests should be used 
with caution. 

7. There are few reliable data on the creep of carbon steels, 
most published results on creep were obtained on heat-resisting 
alloy steels. Most of the results available on carbon steels 
indicate that, in general, the creep resistance, at least in steels 
containing 0 6 per cent carbon or less, increases with the carbon 
content for temperatures up to 425®C (800°F ). If the available 
data on the creep of carbon steels are plotted, considerable 
scatter becomes apparent. A notable part of this scatter is 
probably due to variations in the testing methods, a considerable 
part, however, is most likely the result of inherent differences 
in the steels themselves, differences which cannot be traced to 
composition as usually determined 

8 The creep properties of carbon steels as a class appear to 
be predictable only within limits which are far too wide for suc- 
cessful use by the engineer or designer who wishes to use carbon 
steels for service requiring high temperatures and sizable loads 

9 There is apparently no definite relation between propor- 
tional limit at high temperature, even if determined by the most 
precise methods, and the creep resistance of a carbon steel. The 
proportional-hmit versus temperature curve is not parallel to 
the curve showing the stress required for a given amount of 
deformation in a given time. Moreover, the values for elevated- 
temperature proportional limit are rarely reproducible by 
different investigators, and, because they are obtained only by 
means of a definite speed of loading, are of no real engineering 
importance. 

10. Although there are data, obtained on split heats, which 
indicate that, for low- and medium-carbon contents, cast steels 
have better creep resistance than wrought material at tempera- 
tures of about 540°C. (1000°F.), further confirmation is needed 
before this conclusion can be accepted as definitely established 
Furthermore, the statement sometimes made that coarse-grained 
steels have better creep resistance than fine-grained material of 
the same composition is far too sweeping, even though it may be 
true for certain temperatures. Such a statement requires more 
evidence of its validity than is given by the data available now. 
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11. The status and value of creep testing for ferrous materials 
may be summed up with the statement that: (a) at present, no 
valid generalizations can be made on the relation between creep 
resistance and other readily determinable properties; (6) to be 
useful in design for high temperature service, special creep 
tests must be made on the specific materials and at the specific 
temperatures under consideration; (c) large, and sometimes 
uncertain, extrapolations must be made to predict the behavior 
of a material over many years of service; (d) the question must 
be answered whether the material undergoes slow structural 
changes during long exposure at elevated temperatures; (e) 
the effect of oxidation and the corrosive effect of the atmosphere 
surrounding the material in service and at the service tempera- 
tures must be known ; (/) the actual temperatures of service must 
be known with much more accuracy than at present; (g) the 
tendency toward creep should be separated from the other varia- 
bles influencing the life of a material at elevated temperature, 
and (h) laboratoiies should continue their search for the principles 
underlying creep 



CHAPTER XIV 


THE CORROSION OF COMMERCIAL IRON-CARBON 

ALLOYS 

Types of Corrosion — Measuring Corrosion Resistance — Influence 
of Composition on Corrosion — Oxidation at Elevated Temperatures — 
Author* s Summary 

In the presence of air and moisture, iron and steel rust It is 
only in those extremely rare cases of industrial use where moisture 
is not present in the atmosphere, or oxygen in the water, that 
ordinary steels and irons of commerce are free from corrosive 
attack. Either the use of some type of protective coating or 
treatment of the corrosive environment so as to make it non- 
corrosive is ordinarily required to overcome the inherent tendency 
of commercial iron-carbon alloys to corrode. 

Many estimates have been made of the huge annual monetary 
loss from rusting of ferrous matenals — a recent estimate by 
Mears^®*^^^ placed the loss in the United States alone in excess 
of a quarter billion dollars annually Certainly, the loss is 
stupendous, and in depression years more iron may be reverting 
to its oxide through attack of the elements than is being extracted 
from ore.^^®^ The economic importance of this loss has led to 
much careful study of the corrosion problem; Rabald's^^®^^ recent 
book contains 2800 references to the literature on the subject of 
iron and its corrosion. 

It is not possible now, nor is it likely to be possible in the 
future, to fix a quantitative evaluation of the corrosion resistance 
of commercial iron-carbon alloys for use as a base-line in the 
determination of the resistance of other alloys of iron. Corrosion 
is a function of both the material and the environment, and no 
ferrous material is resistant to all environments. Hence, all 
that needs be done in this series of monographs is to select from 
the available information those data which indicate the relative 
behavior of alloyed and unalloyed ferrous materials or the 
relative behavior of diifferent alloyed materials. The place 
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for this is in the monographs on the individual alloying elements. 
For this reason, only a brief and general treatment of the corro- 
sion problem is presented here, especially since the corrosion of 
iron itself, the mechanism of the corrosion process, the topic 
of passivity, of solubility in chemical reagents, and the effect 
of impurities and added elements are discussed in the monograph 
“The Metal — Iron.’^^^®^^ Corrosion is also treated at length 
in several other books, such as those by Friend,^^®^ Pollitt,^^®®^ 
Cushman and Gardner,^^®^ Calcott, Whetzel, and Whittaker, 
Turner and Budgen,^®®^^ Krohnke, Maas, and Beck,^^^^^ De Lat- 
tr4,(2i6) Palmaer,^'^^*^ Rabald,^^*^^ and Abegg,^®^®^ while some com- 
prehensive treatises of prime importance are those of Evans, 
Speller, and McKay and Worthington. ^^^2) 

A. TYPES OF CORROSION 

Of the two types of corrosion, general and localized, the latter 
is the worse; it is bad enough to have an object rust away uni- 
formly, but it is even worse to have it rendered useless by a 
localized attack that may not be readily detected. Iron and 
steel, save in rare instances which depend on the environment 
rather than on the material, are not subject to intergranular 
penetration and brittleness, but they may exhibit localized 
corrosion or pitting, which again may ordinarily be attributed 
to the environment rather than to the nature of the material. 
In the following discussion “iron^^ is used as a generic term 
relating to both iron and steel unless other usage, is evident from 
the context. 

190. General Attack. — A “ tight oxide coating, as long as it is 
unbroken, offers considerable protection, as shown by ‘^Russia 
iron^' in stove pipes, articles given the Bower-Barff coating, 
and blued gun barrels. Under most conditions of use, the 
n^itural rust coating on unalloyed irons or steels is not tight or 
impervious, the corroding mediums penetrate the rust coating 
and continue to form rust which may in time peel off in flakes. 

Factors in the environment which accelerate corrosion are 
sulphur gases from fuel and the ever-present traces of chloride 
ions in solutions. These ions penetrate rust and oxide coatings 
with great facility. By immersion in chromate or dichrofnate 
solutions iron or steel becomes “passive,'^ probably because it 
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becomes coated with a very thin film of oxide, but chloride ions 
break through this film with ease. Iron becomes passive when 
immersed in concentrated nitric acid; the surface film so produced 
is, however, easily broken down so that this treatment does not 
offer permanent protection against other reagents. 

It is well known that acid waters corrode iron rapidly while 
moderately alkaline solutions are relatively inert. Sodium 
carbonate solutions are used as cooling mediums in machining 
steel because of their relative freedom from corrosive action 
This can be generalized, in terms of hydrogen-ion concentration 
(pH) of the waters, into the statement that acid waters of pH 
below 4.3 corrode or, more accurately, dissolve the metal rapidly 
with evolution of hydrogen; the more nearly neutral waters of 
pH 4.3 to 10 cause rusting at a rate dependent on oxygen content, 
rate of flow, etc., while the more alkaline waters of pH above 
10 have but slight action Other substances in natural waters 
have an effect; magnesium chloride is especially harmful, while 
salts which deposit in a coherent coating over the iron may 
protect it. Organic colloids may exert a protective action 
The behavior of any natural water, ram, or dew in a contaminated 
atmosphere is therefore a matter dependent on its composition 
At higher temperatures, strongly alkaline solutions attack iron 
According to Parr and Straub, sodium carbonate in crevices 
of boilers decomposes under the conditions of service to give 
sufficient caustic alkalinity to exert strong corrosive action with 
evolution of hydrogen and the production of caustic embrittle- 
ment’ ' by grain-boundary attack or mtercrystallme penetration 
It IS claimed that the presence of a suitable proportion of sodium 
sulphate prevents this. Jones^’^^ showed that other reagents in 
addition to alkalies may cause intercrystalhne attack. The 
whole question of caustic embrittlement has been recently 
reviewed by Partridge and Schroeder.^’^^®^ ^ 

Except in such special cases as that of caustic embrittlement, 
the rusting of iron does not ordinarily cause intergranular pene- 
tration and brittleness; the effect of corrosion is, therefore, 
chiefly that of a diminution of cross-section or the formation of 
pits. The condition of a rusted piece of iron or steel can, there- 
fore, usually be told simply by scraping off the corrosion products 
and inspecting the piece; this is not possible in the case of some 
nomferrous alloys which may look fairly sound on the surface 



CORROSION 


536 


but be weak and brittle below. It is important, in the study of 
corrosion, to differentiate between general corrosion and localized 
attack by pitting. The latter is the more insidious. 

191. Electrochemical Potential and Corrosion. — There is one 
inherent and measurable property of iron which affects its 
usefulness under commercial corrosive conditions and accounts 
for its protection by contact with a few other metals, which are 
sacrificially corroded instead of the iron, and for its accelerated 
corrosion when in contact with some other metals. This is the 
actual electrochemical potential of iron in contact with the solu- 
tion, this potential being a measure of the tendency of iron to 
corrode in that solution, though not of the rate at which the 
corrosive process will continue. The actual potential depends 
upon the effective concentration of ferrous iron in the solution; 
the potential computed on the basis that this effective concentra- 
tion is unity (that is 1 g. atom Fe"^ per 1000 g. water) is the 
so-called ‘^standard potential.’^ The order of the metals in terms 
of the standard electrochemical potential is given in Table 93 
This represents the order to be expected under most conditions, 
though there may be a reversal of position between elements 
near together in the series, by reason of marked disparity between 
the concentration of the respective ions or of overvoltage phe- 
nomena For instance, cadmium would be anodic to iron m a 
solution containing a very high concentration of Fe++ and a 
very low concentration of Cd'^"’"; tin may become less noble 
than iron in a solution containing little or no oxygen, as in canned 
food products. 

If iron is coated with a metal below it in the series — Le , with 
a metal more noble than itself — such as nickel, lead, or copper, 
and this coating is porous, the iron at the bare spots should, and 
generally does, corrode more rapidly in the presence of an elec- 
trolyte than does uncoated iron. 

The expectation that porosity will lead to rapid electrolytic 
attack owing to the local galvanic couple is, fortunately, often 
not realized in actual service, provided that conditions are 
favorable for the choking of the pores with rather impervious 
plugs of corrosion products. As an example, the atmospheric- 
exposure tests of the American Society for Testing Materials^"^^®^ 
have shown that a rapid attack occurs upon porous lead-coated 
steel in sea-coast, or even in rural, atmospheres, but in a highly 
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sulphurous industrial atmosphere the pin holes become plugged, 
apparently with sulphide, and the coating affords good protection. 

Unless choking of the pores by corrosion products occurs in 
such fashion that contact of the anodic metal with the electrolyte 
is avoided, such a combination of a metal pair and an electrolyte 
accelerates corrosion. On the contrary, a coating with a metal 
above iron in the scale of Table 93 need not be wholly impervious 
to afford protection, since the electrolytic couple set up, while it 

Table 93 — The Electrochemical Series* of the Metals When the 
Effective Concentration of the Metal Ion Is Unity! 

Alkali metals — Cs, Rb, K, Na, Li 

Alkaline-earth metals — Ba, Sr, Ca 

Magnesium 

Aluminum 

Manganese 

Zinc 

Chromium t 

Cadmium 

Iron 

Cobalt 

Nickel 

Tin 

Lead 

Hydrogen 

Copper 

Arsenic 

Bismuth 

Antimony 

Mercury 

Silver 

Palladium 

Platinum 

Gk)ld 

* In this series a metal placed above another is generally reactive (anodic) to the metal 
below it, in the presence of most ordinary electrolytes 
t "Handbook of Chemistry and Physics "(mz) 

t The position of a metal like chromium which can occur in the active or passive state 
Will depend upon whether the measurements are made upon the true metal, or active, sur- 
face or upon the passive, film-coated, surface. 

accelerates the attack on the protective coating, makes the iron 
cathodic and protects it, as on the cut end of a barb in galvanized 
barb wire. The size of the protected area varies with the 
electrolyte. 

That these electrolytic phenomena explain many of the phe- 
nomena of corrosion under service conditions is undisputed. 
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The failure of steel parts m sea water in contact with Monel 
metal is a good example of the effect of electrolytic action. 

Watts/*^®^ however, has kept specimens of Monel cut from one 
of the original plates of the yacht Sea Call, soldered to iron and 
to steel, under de-aerated sea water without sign of corrosion. 
From this and many other experiments with single metals and 
voltaic couples made up of various different metals and in various 
electrolytes (among them the iron-copper couple in ammonium 
chloride solution) he concluded that when certain electrolytes 
are completely freed from dissolved oxygen there is no elec- 
trolytic attack. This in no way alters the observed fact that 
under normal conditions of service corrosion is often accelerated 
by contact with another metal, but it may help to explain the 
many cases where such corrosion is expected but is actually not 
serious The ability or lack of ability of the environment to 
supply oxygen evidently plays a considerable part Schi- 
korr,^^^^'^^®^ however, has made experiments which indicate 
that steel is attacked by water with the evolution of hydrogen, 
even in the absence of oxygen. 

Metal deformed by cold work, or metal in a stressed condition, 
IS anodic with respect to undeformed, strain-free metal and 
therefore corrodes more readily The electrolytic theory of 
corrosion applies to such cases and explains why the attack is 
more rapid on cold-worked rivet heads than on the plates they 
join. On the other hand, uniformly cold-worked metal by 
itself, i.e,j not in contact with another metal, does not necessarily 
corrode faster than the corresponding annealed material. 

Johnston^^ 24 ) given a clear discussion of the limitations 
under which electrode-potential data may be applied to the 
prediction of the behavior of metal couples. The electrochemical 
propenties of iron, including its position in the electrochemical 
series, its electrode potential, its overvoltage and passivity, have 
been discussed in detail in ^^The Metal — Iron.'^^^®^^ 

192. Localized Attack. — Pitting is a more dangerous type of 
attack on iron and steel than that of slow and uniform wasting 
away of the surface. Pitting is not usually a result of the 
chemical composition of the steel. In some cases it may be due 
to porosity or other physical imperfections in the metal itself, 
but it is more commonly due to external causes, such as the break- 
ing of a protective film, the presence of mill scale, or contact of 
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two pieces in such fashion as to form a capillary space between 
them, leading to localized ‘^crevice corrosion^^ from an oxygen- 
concentration cell. Pitting was produced by many soils in the 
National Bureau of Standards^^^®^'^^’’^®^'®^^’^®^^ soil-corrosion 
work, but it was a function of the soil conditions rather than of 
the metal composition. 

Localized attack may result from corrosion attributable to 
oxygen-concentration cells such as occur in water-line corro- 
sion, crevice^' corrosion, and corrosion due to immersion at 
various depths in a solution where oxygen diffusion is hindered 
and the electrolyte in contact with the iron has a different oxygen 
content at different places. This is thoroughly discussed by 
many modern writers on corrosion and needs mention here only 
to emphasize that this prevalent cause for local corrosion or 
pitting IS a part of the environment and entirely external to the 
metal. 

An analogous cause of corrosion is the presence of discontinuous 
patches of mill scale on the surface of iron or steel, which localizes 
corrosion at the edges of the scale The behavior of inclusions 
embedded in the metal and bared at the surface is less clear. 
Manganese sulphide inclusions are generally considered to accel- 
erate corrosion to a small degree so that high-sulphur steels 
such as ordinary screw stock are classed as more corrodible than 
low-sulphur steels. 

Other types of local attack may be connected with erosion 
as well as corrosion, and differences in oxygen concentration of 
the surrounding fluid may also enter. Perforation in water 
pipes may be connected with the ^‘impingement effect,” and 
corrosion of propellers is sometimes related to cavitation effects. 
The “hot-wall” effect described by Benedicks may also enter 
in some cases of local attack. 

193. Corrosion Fatigue. — Corrosion is especially dangerous 
when it occurs simultaneously with repeated stress. 

“Corrosion fatigue” affects corrodible alloys to such an extent 
that under corrosive conditions they seem to have no true 
endurance limit. Heat-treated steel of 120,000 lb. per sq. in. 
endurance limit in air may show only about 15,000 lb. per sq. in. 
when tested in a stream of water. Strength due to alloying or 
heat treatment is not maintained unless the alloying element also 
increases the resistance to corrosion, and all the corrodible 
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ferrous alloys tend to come down to the same mediocre level. 
This discussed in Chapter XI, page 419. 

B. MEASURING CORROSION RESISTANCE 

Were it possible to measure, in exact and absolute units, the 
real corrosion resistance of a metal or alloy in a manner analogous 
to that by which density, magnetic properties, etc., may be 
measured, there would be no data more useful than those on 
corrosion resistance. But this cannot be done. Corrosion 
resistance is inevitably a comparative and relative thing, defina- 
ble only in terms of factors relating far more to the environment 
in which the metal is used than to the factors dependent on the 
metal itself It cannot be stated that a 16-gage sheet of nor- 
malized 0 10 per cent carbon steel mil fail on atmospheric 
exposure in X years, or that a wrought-iron or steel water pipe 
will fail in Y years It can be stated only that certain materials, 
under the exact environment then existing, did fail in a given 
period It is not certain that this exact environment will be 
met in any future service of an analogous material In cases 
of rapid chemical solution, one might be able to fix with some 
degree of exactness how long ordinary iron or steel would last, 
but it would be a useless calculation, since these materials would 
not be serviceable under conditions where their life is so short 
that it can be accurately predicted. Actual use of the materials 
IS confined to cases where experience has shown that in spite of 
slow attack an economically profitable life may be expected. 

194. Accelerated Tests. — Myriads of “accelerated corrosion 
tests^^ have been made, under more or less carefully controlled 
conditions, with results expressed in definite units, but these 
units are not transferable into years of service under other 
conditions Such tests may give useful comparisons from which, 
if proper experience and engineering judgment are applied, 
qualitative expectations of relative service may be gathered 
provided the test conditions have only accentuated, but in no 
wise altered, the factors governing the corrosion in actual service. 

A more reliable approximation to expected life under defined 
conditions may be obtained from non-accelerated long-time 
exposure tests in which a group of materials is exposed in the 
same places for the same periods, and careful periodic inspections 
are made during the period of years required for natural condi- 
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tions to result in failure. Such tests, notably those conducted 
by the American Society for Testing Materials, by the National 
Bureau of Standards, and by the British Corrosion Commit- 
tee, are adding much to our knowledge of corrosion resistance 
All such tests emphasize the fact that, as far as ordinary unal- 
loyed iron and carbon steel are concerned, variations in environ- 
ment are of greater import than variations in the ferrous material. 

Whether or not wrought iron, ingot iron, low-carbon steel, and 
copper-bearing steel and its modifications differ materially in 
corrosion resistance under commercial conditions has been a 
much discussed subject, with many of the discussions inspired 
by commercial considerations rather than by the truly scientific 
findings of the respective producers. The now thoroughly 
discredited *Hest method’’ of determining rate of solution in 
acid when service in air or in fresh or salt water was contemplated 
has beclouded the issue until the American Society for Testing 
Materials^^^®^ had to issue the following statement: 

Notwithstanding the fact that this Committee, in its annual report 
of 1909, pointed out as clearly as it could that the tentative suggestions 
made by it in 1907 as to the conditions for carrying out the so-called 
acid corrosion test were not to be considered a recommendation of the 
test, and that the results of such test are unreliable as truly measuring 
the tendency to natural corrosion, the name of the American Society 
for Testing Materials continues to be used as having recommended the 
acid corrosion test, and by inference as having endorsed the same. 
For this reason the Committee desires at this time to again disclaim 
any recommendation or endorsement of the acid test as a measure of 
natural corrosion, and to point out that any use of the name or authority 
of the American Society for Testing Materials in this connection is 
unwarranted. 

Evans*^^"^®^ discussed the various accelerated tests, including 
salt spray, that have been proposed for information on behavior 
under certain marine conditions, and immersion tests under 
varying conditions of aeration to give information for particular 
types of service. He disposed of the so-called acid-immersion 
test by stating that it would be perfectly sensible if the order of 
resistance to acid were that of resistance to water and oxy- 


* Pages 189 to 191 of his book. 
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gen. It is well known that this is far from being the ca^e. He 
remarked:* 

Before designing a technical test to estimate the value of a material 
for an engineering purpose, it is necessary first to study very closely 
the practical conditions of service, and then to try to reproduce them 
as far as possible in a laboratory test. Only if this is done will the test 
give reliable information. As stated by Speller. ‘‘There is no all- 
round test. . . . Accelerated tests should have a scientific and practical 
connection with service tests.’’ 

Evans believes that qualitative information on corrosion of 
metals by liquids with which they are to come in contact may 
be secured by the partial-immersion method (which brings out 
water-line effects) if the experimenter intelligently observes 
and correlates the phenomena that occur. 

The Navy Department uses a salt-spray acceptance test for 
comparison of deliveries (of stainless steel in particular) with 
the known behavior of acceptable material, in that test, but 
stated ^^No accelerated corrosion test will give definite 
information as to satisfactory life in service, as it is impossible 
to foresee or duplicate service conditions.^' 

The acid-solution test showed a relative corrosion resistance in 
acid for ingot iron and copper-bearing steel which, when misin- 
terpreted as being applicable to corrosion resistance under other 
than acid conditions, far overrated the copper-bearing type 
Although the overzealous advocates of copper steels convinced 
only the unthinking by the false argument of the acid-solution 
test, there is other, and real, evidence, especially in the compre- 
hensive tests of the American Society for Testing Matenals, that 
copper is definitely helpful in improving corrosion resistance, 
particularly under severe conditions of atmospheric exposure. 
This has been discussed in detail in the monograph on ‘^The 
Alloys of Iron and Copper. 

195. Long-time Tests. — While so many environmental factors 
enter into corrosion that one can seldom list them all in any 
particular case, much less do so for all corrosive conditions, a few 
vital factors are generally recognized. The amount of wetting 
is important. Exposure in a dry atmosphere, exposure in 
alternately wet and dry conditions, as when the material is wet by 


Page 193 of his book. 
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rain or^dew and then dries out, immersion without opportunity 
to dry out, and in total immersion whether the water is moving 
or stagnant, all present different conditions. The corrosion 
products, hydrated iron oxides, are rather gelatinous and may 
adhere or be washed off depending on conditions. If they are 
not washed off and can dry down to a hard rust, they may afford 
some protection against further access of the corroding mediums. 
The composition, physical properties, and adherence of the initial 
rust coating are of prime importance in what happens thereafter 

The pillar of Delhi is often cited as an outstanding example of 
corrosion resistance; it was erected about a.d. 300, but Had- 
jfjeld(i^®> brought a piece of it to England where it rusted overnight 
when wetted. Its resistance is undoubtedly largely due to the 
purity and dryness of the air of its environment and perhaps 
to the nature of the initial corrosion products.* Steel articles 
left at Panama by the French from their work on the Canal 
have been found intact after many years but, when the old 
coating of corrosion products was removed, rusting went on at 
an extremely rapid rate 

Evansf^^^^^ commented on relative freedom from rusting of 
iron and steel in pure mountain air, as in the Alps. The resist- 
ance of the ship plates of the Leviathan is ascribed by Rawdon^"^*'^^ 
to the formation of initial ^Hight’^ corrosion products. 

It is, therefore, apparent that the probable rate of corrosion 
or rusting in any environment can be estimated only from long- 
time tests made in the same environment, and that the attack 
depends not only on the surroundings but on the condition of 
the surface of the material at the beginning of the exposure 
Nevertheless, some extrapolation is warranted, and it may be 
assumed with some safety that relative rates of continuance of 
corrosion after the initial period will not in general be materially 
changed by slight changes in the conditions of exposure 

198, Simulated Service Tests. — Atmospheric-exposure testing, 
like any other test method, has a technique of its own, though 
one not so thoroughly standardized as in many other cases. 
First, representative geographic locations must be chosen for 
the exposure tests, then the selection of specimens of thoroughly 

* The corrosion of ancient iron is discussed in detail in ^‘The Metal — 

Iron,”<794) pp 300-302 

t Page 150 of his book. 
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known history, their cleaning or other preparation to produce an 
initial surface in a known, and reproducible, condition, the 
details of the method of supporting the specimens, the duration 
of exposure, the recording of the weather conditions, the atmos- 
pheric contamination by combustion gases and soot, the periods 
of dampness and dryness of the specimen, the temperature, etc., 
and particularly the number and size of specimens required to 
give dependable results according to statistical methods must 
all be considered. 

The evaluation of the progress of corrosion by visual examina- 
tion, by weight gains and losses (including choice of cleaning 
methods), by change in tensile strength, electric resistance, or 
other physical properties, by measurement of depth of pits, etc., 
brings in many important questions 

Similar complex problems anse in controlled-condition simu- 
lated-service tests in fresh and salt water In any case all these 
matters have to be resolved with particular reference to the 
specific object of the test The objects of simulated-service 
testing, therefore, are not served by merely putting out a few 
specimens and weighing them after a year or so. The rate of 
attack IS often as important as the total attack m a given period 
so that many observations are required, especially in the initial 
period Such testing, properly done, is by no means as inex- 
pensive as it sounds These matters have been discussed 
in detail by Evans, Speller, ^^oo) Corrosion Committee of 
the British Iron and Steel Institute, and in many of the 
reports of the various A S.T.M. corrosion committees. 

Interpolation of the A S.T.M. exposure-test data on bare steel, 
zinc-coated steel, non-ferrous metals and alloys, and pairs of 
dissimilar metals, so as to evaluate not only the behavior of the 
metals but also the relative corrosiveness of the various locations 
at which the exposures were made, was attempted at a Sjrm- 
posium of the Society. Papers by Fmkelday,^®®®^ Hocker,^^^®^ 
Hippensteel,^^^®^ Passano,^^^®^ and by Schramm and Taylerson^^®^^ 
at this Symposium, as well as the summary by Mutchler^’'^®^ of 
comprehensive exposure tests on duralumin, allow a rough com- 
parison of the corrosive activity of the atmosphere at the loca- 
tions used Broadly speaking, tropical marine atmospheres and 
highly polluted industrial atmospheres are highly corrosive, 
while a dry rural atmosphere is of course the least corrosive to 
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most metals, with moderately polluted industrial and non- 
tropical marine atmospheres in between. It should be empha- 
sized that the order of corrosiveness of a given list of localities 
varies according to the type of material which is being corroded, 
that is, according to the chemical reaction and the nature of 
the corrosion product formed. A location such as that of New 
York City, where the atmosphere contains both SO2 — from the 
industrial use of fuel — and chloride — from the sea — ^is especially 
prone to show rapid corrosion. Inland industrial localities 
are more severe for both bare and coated steels than are non- 
industrial sea-coast localities, but this is not necessarily true for 
non-ferrous materials. 

197. Requirements for Accelerated Corrosion-test Methods. — 

The experimenter with new alloys is justified in seeking prelimi- 
nary information, prior to long exposure or to simulated-service 
tests, so that he may eliminate from his long-time tests those 
alloys which are of no promise for the purpose in hand. But, if 
his rapid pilot tests are to be reliable guides, he should make sure 
that the same chemical reactions are involved in the tests as in 
service, and that the physical state, the chemical composition, 
and the adherence and distribution of the corrosion products are 
the same as in service In atmospheric corrosion there are nor- 
mally idle times, for example, when moisture is not present and 
when corrosion does not advance. These periods might well be 
eliminated in an accelerated simulated-service test in order to 
save time, provided that they do not, by some alteration of 
the corrosion products, produce a tight, impervious coating 
resistant to further corrosion. If they do produce such a coat- 
ing, idle penods sufficient to bring about these changes in the 
corrosion products should be included in the accelerated testing 
cycle. 

When all the rapidly corroded test specimens of a series are 
indistinguishable, by appearance or by any other criterion, 
from similar specimens slowly corroded in service, the results 
of the rapid test would deserve respectful consideration 
Unless they are indistinguishable, the results are likely to be 
misleading. 

Bengough^®®^^ stated that an acceptable accelerated corrosion 
test is one which reproduces the corrosion-versus-time curve of 
service except that the time scale is compressed. 
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C. INFLUENCE OF COMPOSITION ON CORROSION 

There has been much discussion about the relative corrosion 
resistance of the common ferrous products, but it is apparent 
that they all rust so rapidly when exposed to the action of the 
weather and other corrosive mediums that it is difficult to say 
which of these materials is the worst. Some of the observations 
on the corrosion resistance of these materials which are decidedly 
pertinent are touched upon below" 

198. Relative Corrosion Resistance of Common Ferrous 
Materials. — There is no serious claim that ordinary low-carbon 
steel is actually superior in corrosion resistance to wrought iron 
or ingot iron of very low carbon content. Its advocates merely 
claim that it has the same, or such similar, corrosion resistance 
that it would be advantageous from the engineering point of view 
to spend a given sum of money for a heavier sheet or pipe of the 
cheaper steel than for a thinner one of the more expensive mate- 
nal Leaving aside the honestly differing opimons of prominent 
metallurgists connected with manufacturers of these rival mate- 
rials, we find that those who have studied the corrosion problem 
from an impartial user’s point of view are often in doubt which 
material is superior. In 1891 Howe^^®^ canvassed shipbuilders 
and railroad men for their opinion based on service records 
and found opinions quite equally balanced. Friend*^^®^ and 
Evans consider that there is little difference between wrought 
iron and steel. Hadfield,^^®^ a steel maker, believes that wrought 
iron IS superior in sea water. Curran and Sanford^^®®^ said of 
steel and wrought iron: In our own experience, the two materials 
appear approximately equal, with perhaps a slight advantage, 
under some conditions, in favor of wrought iron.” 

The American Society for Testing Materials’ atmospheric and 
fresh- and salt-water immersion tests^^^®^ afford no clear evidence 
of superiority of one or the other of the ferrous materials under 
test, except for copper-bearing steel in the atmosphere, though 
there were great differences in, the rate of attack and the total 
useful life in different locations and different waters. 

The extensive soil-corrosion tests of the National Bureau of 
Standards^®®'^'^'’ '*®®’®^^’'^®'*^ have shown no marked superiority for 

* Page 286 of hio n^uok. 

t Page 186 of his book. 



546 


THE ALLOYS OF IRON AND CARBON 


any of the commonly used pipe materials — wrought iron, cast 
iron, and steel — in underground corrosion on the basis of the first 
10 years^ tests, though enormous differences were shown in the 
corrosiveness of different soils with all the materials. From the 
study it was concluded: 

On account of unavoidable variations in soils of the same type, in 
metals even of the same kind, and in methods of construction, exact 
rates of corrosion cannot be predicted, but approximate rates of corrosion 
can be given for specified metals and soil conditions. 

Differences in the rate of penetration of different pipe-line materials 
by soil action in the same soil are much smaller than differences in the 
rate of penetration of the same material in different soils The type 
of soil rather than the variety of ferrous material is usually the con- 
trolling factor with respect to corrosion. In certain soils, however, 
one type of material may corrode much more rapidly than some other 
material and for this reason the soil to which it is to be exposed should 
be considered in selecting material for a pipe line. 

This IS again emphasized in the National Bureau of Standards^ 
report by Denison and Hobbs,^®®^^ who began their report with 
the statement: ^^One of the most important conclusions which 
has been drawn from the National Bureau of Standards^ investi- 
gation of underground corrosion is that corrosion is determined by 
the nature of the soil rather than by the kind of ferrous material 
exposed to the soil.” They further pointed out that the ^^corro- 
sion pattern,” i.e , the shape and depth of the corroded areas, is 
similar for different ferrous materials in a given soil, probably 
being a function of the anodic and cathodic areas set up by the 
action of the soil, and that when, by the lapse of years, the soil 
becomes uniformly packed so that its contact with the specimen, 
the moisture at the contact surface, and the degree of aeration 
are all uniform over the surface of the specimen, the attack will 
become more uniform rather than localized, this leading to the 
idea of surrounding buried pipes with material of small particle 
size which will pack uniformly. 

From this work it appears that if the soil is inhomogeneously 
packed, so that there are corroded and uncorroded areas, the 
attack upon the areas which do corrode is of the pitting type. 
In some measure it seems that a certain amount of corrosion will 
take place anyhow and it is highly desirable that this be dis- 
tributed as a uniform surface attack rather than localized as pit- 
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ting The British Corrosion Committee^^^®^ also has extensive 
experiments in progress which should clarify the knowledge 
of the effect of copper in steel and the influence of the surface 
condition at the time of exposure. 

Since wrought iron is credited with taking a thicker coating 
in the hot-galvanizing bath than steel, and since it is universally 
accepted that, if the zinc coatings are each of uniform quality, 
the thicker the coating, the longer its life,^^®^^ wrought iron may 
have some advantage on that score 

Whether there is any difference in the rate of corrosion of an 
initially galvanized surface of iron and one of steel after the zinc 
coating has weathered through in patches is a matter of dispute 
The American Society for Testing Materials has tests in progress 
designed to throw light on this question 

Although from its heterogeneity one might expect that ordi- 
nary cast iron would be peculiarly subject to corrosion, most 
authorities agree that it is one of the most lasting of ferrous 
engineering materials This is at least partly ascribable to the 
greater thickness of cast iron as compared with competing ferrous 
materials, so that much greater loss can be borne before failure 
Friend found in long-time atmospheric-exposure and sea- 
water tests at four widely separated localities that cast iron 
suffered less loss in weight than wrought iron, Swedish charcoal 
iron, open-hearth iron, or several carbon steels. 

Speller*^2oo) ascribed the long life of cast iron in the atmos- 
phere to a more adherent type of rust Evansf^^^®^ cited cases of 
remarkable life of cast iron in sea water but commented that, 
on account of graphitic softening” (removal of iron, leaving 
graphite in place) which may occur in sea water with some varie- 
ties of cast iron, it is a material that ‘‘requires close watching.” 
While it is generally believed that close-grained iron is superior 
in corrosion resistance to open-grained iron, there is little avail- 
able information on the relative behavior of different types It 
would be of decided interest to know under what environments 
modern high-test iron is better or worse with regard to corrosion 
resistance. 

Schwartz^®^^ dealt but briefly with the corrosion resistance of 
malleable iron, citing the fact that service failures of malleai>Ie 
* Page 266 of his book 
t Page 188 of his book. 
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iron by rusting are rare and commenting upon a relative service 
test of malleable iron and steel railway tie plates in which the 
malleable iron outlasted the steel. Wolf and Meisse^^^^ made 
some comparative exposure tests under the action of locomotive 
smoke in which malleable iron showed slight superiority over 
wrought iron, ingot iron, and basic open-hearth steel. 

199. Influence of Elements Present in All Ferrous Products. — 
Since there is evidence that increased purity markedly increases 
the corrosion resistance of some metals, the question arises 
whether really pure iron, were it commercially obtainable, would 
be a corrosion-resistant material under actual conditions of use. 
The classical example is the hydrogen-reduced iron of Lambert 
and Thomson, discussed by Bancroft,^^^^^ which was 
stated not to rust in contact with purest distilled water and purest 
oxygen. It was not resistant, however, unless the oxide from 
which it was reduced was most carefully freed from all the ordi- 
nary impurities of commercial iron ; also it was not resistant when 
traces of a more noble metal such as platinum were present or 
when the pure iron was strained. Evans^^^®^ remarked that, 
while electrolytic iron stored without free access to the atmos- 
phere may resist rust for years if the iron is deposited from 
a sulphate bath, iron made from a chloride bath, and hence 
containing traces of chloride, rusts with extreme rapidity, an 
observation that all who have used the latter material can 
verify. 

There seems no hope of making iron so pure that it will really 
act as a noble metal for exposure under commercial conditions 
which involve contact with soot, traces of chlorides, oxygen- 
concentration cells, etc., and Evans comsiders that high purity 
need not be a necessary criterion of even moderate resistance. 
He stated: ‘‘On the whole the hope of obtaining corrosion-resist- 
ing substances lies in the addition of suitable constituents rather 
than in the removal of unsuitable ones.'^ It seems probable, 
even if the purest iron were proved to be highly resistant to the 
initiation of rusting, that, once rusting had begun through the 
agency of some external cause, it would then continue to rust as 
rapidly as does commercial iron. 

Cleaves and Thompson, in “The Metal — Iron,''^^®^^ summed 
up the effect of composition by stating:* “On the whole, it 

* Fage 300. 
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appears that purity is not the determining factor in resistance to 
atmospheric corrosion/^ The conclusion is also reached* that 
‘^apparently, small amounts of carbon, 0.2 per cent or less, are of 
negligible importance to the corrodibility of iron. Larger 
amounts increase the tendency to corrode, the extent of the 
increase being affected by the state of combination of the carbon. '' 
Writers on corrosion generally agree with Evansf^^^®^ that, while 
acid attack upon steel increases slightly with increase in carbon, 
increasing the carbon content from 0.05 to 1.46 per cent has little 
effect on the rate of rusting of steel by fresh or salt water con- 
taining oxygen. That different metallographic constituents in 
quenched steel, untempered or subjected to various tempering 
treatments, etch differently in acids is, of course, well recognized 
by metallographers. SpellerJ^^oo) found that there was little dif- 
ference in the rate of corrosion of steel m different conditions of 
heat treatment, of different carbon content or grain size, and 
cited several other investigators who came to similar conclusions 
Cementite itself is less readily attacked than ferrite, but when 
the two are m contact, the cementite may accelerate the attack 
on the ferrite. 

Manganese appears to have no clearly discernible effect, nor 
have normal amounts of phosphorus. Within usual limits, 
sulphur has little effect; but large amounts, as in screw stock, 
accelerate rusting There are few data on oxygen content 
Ingot iron, contaimng more oxygen than other commercial 
ferrous materials, is often classed among those which show 
relatively low susceptibility to corrosion; on this basis oxygen 
content can hardly be a vital factor in accelerating corrosion 

Stoughton, in reviewing an earlier draft of this chapter, com- 
mented that he does not accept this basis of argument, at least 
as it applies to steel. He stated that he has personally known of 
severe corrosion and pitting in highly “oxygenated” steel and 
believes that such steel will corrode more severely than steel free 
from oxygen or oxides and that this is generally considered to be 
a fact. Stoughton includes oxygen in blowholes or some complex 
inclusions, as well as that present as ferrous or manganous oxide, 
in the term oxygenated. 

* Pages 326 and 327 

t Page 185 of his book. 

t Pages 78 and 92 of his book. 
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Eisenkolb^®®^^ made 3-year industrial atmospheric-exposure 
tests of a series of ordinary and copper-bearing steels and com- 
mented particularly on the poor showing of the ^^purer^^ non- 
copper samples which, he said, is contrary to general opinion. 
He called attention to the fact that the oxide impurities actually 
present in the purer samples are not listed in the ordinary analysis 
and implied that the poor behavior is due to the presence of oxide. 
Actually the poor performance of Eisenkolb^s ^^purest^^ sample 
can as properly be ascribed to its slightly lower ^^adventitious’’ 
copper content (0.07 per cent) as to its oxygen content Of 
three steels of exactly the same copper content (0.11 per cent) 
the purer” (0.06 per cent carbon, 0 13 per cent manganese, 
0 003 per cent sulphur) gave losses in weight not appreciably 
different from those of the other two steels with slightly lower 
carbon, about 0 30 per cent manganese, and 0 02 to 0 03 per cent 
sulphur. 

One is forced to the conclusion that the usual variation in 
elements (except copper) present in commercial iron and carbon 
steel will have little effect and that these ferrous materials will 
all corrode in about the same way, being far more affected by the 
corrosive environment than by their own composition or struc- 
ture While there is doubtless a difference in the way different 
ordinary unalloyed ferrous materials have acted in actual service, 
the differences ascribable to the materials themselves fall with- 
in such narrow limits that unavoidable differences in service 
conditions, especially in the initial stage of service, may well 
overbalance the slight differences ascribable to the materials 
themselves and alter their order of excellence. Engineering judg- 
ment, based on a grasp of the relative magnitude of the different 
factors in the corrosive environment, and statistical information 
regarding past performance of various grades of iron and steel 
under analogous service conditions, may lead to a correct choice 
among materials so confusingly similar in properties. But 
accurate prediction of the expected useful life of the materials 
IS still a long way from the exactness of the actuary dealing with 
the life expectancy of human beings. 

Slag inclusions are not ordinarily classed as accelerators of 
corrosion, though a shattered inclusion which produces a crevice 
will induce crevice corrosion, and on a polished surface 

* Page 84 of Evans’ book 
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attack may start about inclusions. However, the inclusions 
in ^Mirty steel, while not advantageous for corrosion resistance, 
cannot be given all the discredit for the corrodibility of steel. 
Indeed, large amounts of silicate inclusions in wrought iron are 
given credit by makers of that material as a major cause for the 
corrosion resistance they ascribe to the iron, on the ground that 
innumerable slag fibers, once bared, act as a barrier to further 
corrosion even though the barrier is not a continuous one. 
Wrought iron differs from low-carbon steels in that its ferrite 
contains less dissolved impurities other than phosphorus, and 
because more cementite is present in the low-carbon steels; it 
differs from ingot iron also by the absence of particles of iron 
oxide not combined as silicates. It is also lower in manganese, 
though, according to Hadfield and Friend, approvingly quoted 
by Evans, manganese is not objectionable from the point of 
view of corrosion 

200. Corrosion Probability and the Effect of the Common 
Elements. — In the last few years some interesting work has been 
done on corrosion probability and conditional velocity of attack. 
When a piece of iron having a large surface area is exposed to 
ordinary water, corrosion is practically certain to occur some- 
where on this surface. If, however, the exposed area is small — 
as, for example, when there are small discontinuities or pores in a 
film of paint — the probability of development of attack is 
considerably reduced As has been shown in a number of papers 
by Evans and Mears and as summarized in a recent paper by 
Mears,^®^®^ both the probability and the conditional velocity of 
attack depend upon: (1) variables external to the metal, such as 
the corroding liquid and the surrounding atmosphere, and (2) 
variables internal to the metal, such as the concentration and 
distribution of minor constituents (carbon, sulphur, and other 
elements), as well as on the physical condition of the surface 
and the character of the oxide scale. 

External variables (the environment) have, of course, the 
greatest effect. When, however^ the external variables, such 
as the size of the drops of water used and the composition and 
gas content of the water, were controlled and when the surface 
condition of the specimen was standardized, Mears found the 
following correlation between the composition and the corrosion 
probability. 
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Element 

Coefficient 

Polished with 
number 00 
French emery 

Lathe- 

turned 

Carbon 

4-0 45 

4-0 26 

Sulphur 

4-0 52 

4-0 54 

Manganese 

-hO 32 

4-0 47 

Silicon . 

+0 19 

-0 13 

Phosphorus 

-0 02 

-0 20 

Copper 

-0 12 

-0 38 


In commenting on these values Mears stated: 

These results indicate that there is a considerable degree of direct or 
positive correlation between the carbon, sulphur, and manganese 
content of an iron and its corrosion probability. This means that a 
material high in any of these constituents, regardless of its composition 
otherwise, within the limits of the materials tested here, can be expected 
to have a higher corrosion probability than an iron having a lower 
carbon, sulphur, or manganese content. Silicon and phosphorus seem 
to have little or no effect on the probability, while copper has, if anything, 
a slightly beneficial effect. 

According to Mears, additional tests are necessary for a more 
certain indication concerning the effect of silicon, phosphorus, 
and copper. 

In other words, increasing the amount of carbon, sulphur, or 
manganese in a steel increases the probability that corrosion will 
take place if small discontinuities in a paint or other similar 
surface layer are present. Mears also found that the corrosion 
probability of scale-covered materials seemed to depend largely 
or entirely on the physical characteristics of the scale. 

201. Influence of Allo3ring Elements.* — To insure service 
under corrosive conditions which is of a distinctly higher order 
than that which can be expected from iron or carbon steel, it is 
necessary to use alloying elements. The effect of these is brought 
out in the individual monographs of this series; thus it is only 
necessary here to sketch in briefest fashion the general effect 
of some of them. 

* The effect of alloying elements has been discussed in detail by Cleaves 
and Thompson<^®^> in '‘The Metal — Iron,'' pp. 326-328. 
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Small amounts of copper improve the corrosion resistance of 
steel in atmospheric service to a marked degree. (See ^^The 
Alloys of Iron and Copper/^(^o®> Chapter IX.) 

Large amounts of nickel, 25 per cent or more, make steel 
resistant to atmospheric corrosion, though invar types, for 
example, are not always wholly immune. The structural nickel 
steels with up to 3 per cent nickel are usually considered to be 
scarcely distinguishable in corrosion resistance from carbon steel. 
According to Wickenden,* however, 0.25 per cent nickel confers 
on steel definitely improved resistance to atmospheric corrosion. 
Low-nickel steels are claimed to resist caustic embrittlement in 
boilers. 

Large amounts of nickel and copper together in cast iron (at 
least 12.5 per cent nickel and 5 per cent copper) produce a 
decidedly corrosion-resistant cast iron 

Silicon, at least up to 3 per cent, has relatively little effect on 
the resistance of steel against the ordinary atmospheric or 
aqueous corrosion, but the presence of large amounts of silicon 
in cast iron, about 14 per cent, produces a material which, while 
very brittle and unmachinable by usual tools, is extremely 
resistant both to acids and to atmospheric attack. 

Chromium is the outstanding alloying element for production 
of corrosion-resisting ferrous alloys. Rather large amounts, 
about 11 to 13 per cent, are required to produce truly corrosion- 
resistant materials — the well-known stainless steer^ — although 
an improvement in corrosion resistance at high temperature 
against crude oil is evident with only 4 per cent chromium. The 
ternary iron-chromium-nickel alloys such as and many 

of that type with higher nickel or chromium or both, used both 
for corrosion resistance and heat resistance, are now familiar to 
everyone. These alloys will be dealt with in other monographs 
of this series. 

Vanadium and molybdenum in amounts used in commercial 
steel are practically without effect, as is tungsten in small 
quantities. Some slight decrease in corrodibility is thought to 
result when up to 25 per cent tungsten is added. 

Small amounts of aluminum in steel, up to around 0.1 per 
cent, are without effect. The addition of much larger amounjbs, 
say 5 to 10 per cent, has been advocated for heat-resisting pur- 

* Private communication. 
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poses but, while the behavior of such alloys under strongly 
oxidizing conditions indicates that they might have some value 
for some corrosion-resistant services, their mechanical properties 
are as yet so poor that corrosion data have not been obtained. 
The nitriding steels with around 1 per cent aluminum, 1 per cent 
chromium, and small amounts of molybdenum are not m them- 
selves corrosion resistant, though the nitrided case is quite 
resistant to the atmosphere and to fresh and salt water. 

Unless we are willing to pay the price for large amounts of 
chromium or nickel or both, or tolerate the characteristic mechan- 
ical properties of the high-silicon alloys, we cannot greatly 
influence the corrosion resistance of ferrous products. The only 
alloying element which is both cheap and moderately effective 
is copper, and, while the copper steels are enough better than 
plain carbon steels for a limited range of application to be eco- 
nomically desirable, copper does not increase the corrosion 
resistance sufficiently to produce a material suitable for use in 
permanent construction without protection Since the effect 
of copper appears to consist m the formation of a more impervious 
and adherent coating of rust rather than in much actual difference 
in the rate of corrosion of the clean metal surface, the advantages 
resulting from copper are not realized under conditions where 
the rust coating is removed by wear from time to time or under 
those where the conditions for formation of a relatively impervi- 
ous coating are not met 

The possibilities of control of inherent corrosion resistance of 
ferrous products by alloying are very limited, and the control 
is very expensive when alloying is effective Effective control 
over the corrosive environment is seldom possible, although in 
specific cases limited control, such as de-aeration of water, use 
of inhibitors, or application of external current to make the steel 
cathodic may be used 

The only general answer to the problem of corrosion of common 
irons and steels is not to allow the corrosive mediums to touch 
them. Unless a protective coating is and remains impervious 
and really prevents contact, it may do more harm than good 
through localization and intensification of corrosion. In the 
particular case of soil corrosion of buried pipe, for example, 
bare pipe may well be more economical for use, save in actually 
corrosive soils — the so-called ‘^hot spots^’ — than pipe coated by 
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methods that do not really delay corrosion enough to be worth 
the cost. 

The great need is for cheap, effective, and permanent protective 
coatings. 


D. OXIDATION AT ELEVATED TEMPERATURES 

As a piece of bright iron or steel is heated, it assumes various 
‘temper” colors beginning with a pale-straw color and finally 
becoming almost black before it becomes ^^red hot This 
phenomenon is attributable to the formation of an oxide coating, 
and the apparent colors result from interference rather than 
from the characteristic color of the film. By controlled oxidation 
at intermediate temperatures dense oxide coatings can be formed 
which afford considerable protection against certain corrosive 
environments. At temperatures above a red heat ordinary 
iron and steel oxidize comparatively rapidly, but the coating is 
so fragile and non-adherent that it is properly spoken of as scale 

202. Temper Colors. — As pointed out by Gale,^^^*^ the observa- 
tion of the phenomenon of temper colors is a matter of some 
antiquity. Three explanations of the cause of temper colors 
have been advanced: (1) Inherent color of the oxide; (2) inter- 
ference in the oxide film, as in the case of Newton^s rings and 
soap films; (3) diffraction of incident light by the granular or 
laminated structure of the film. The second explanation is 
the most probable 

Gale determined the increase in weight of steel foil resulting 
from the formation of colored films and calculated the thickness 
of the films, assuming that their density was 5.25 g. per cu. cm. 
The thicknesses derived by this method were : 


Color 

Brownish white 
Bright brown 
Dark brown 
Red brown 
Purple (?) 

Dark violet 


Thickness of 
Film, cm 
4 2 X 10-7 

6 3 X 10-7 

7 9 X 10-7 
12 3 X 10-7 
17 0 X 10-7 
21 3 X 10-7 


Temper colors depend on both the temperature of the sample and 
the time that it has been held at temperature but, according to 



556 


THE ALLOYS OF IRON AND CARBON 


Tammann/®^^^ the influence of time is small compared with 
that of temperature. 

203. Protective Coatings. — Under certain controlled conditions 
of oxidation, adherent oxide coatings may be formed on iron or 
steel. A good discussion of these coatings will be found in the 

books by Rawdon^^si) Hedges.^®^^ 

In the Bower-Barff process, articles are heated to about 540°G 
(1000°F ), superheated steam is admitted into the furnace for 
about 30 mm. and then replaced by a hot reducing gas, and the 
cycle repeated until a coating of the desired thickness has been 
produced. 

Tenacious oxide coatings can be formed by simply heating 
bright iron in air or in a bath of fused nitrates, but, accord- 
ing to Rawdon, these coatings are ornamental rather than 
protective. 

Oxide coatings resulting during casting, hot working, or anneal- 
ing afford some protection to the underlying metal, and the 
character of the coating produced can be controlled to a limited 
extent. 

204. Rate of Scaling. — At temperatures above 500 or 600°C 
(930 or 1110®F.) ordinary iron or steel oxidizes comparatively 
rapidly, and the oxide coating formed does not protect the 
underlying metal from further oxidation. When ordinary iron 
or steel is held for a long period of time at high temperature, it is 
gradually converted to oxide and may entirely waste away much 
as it wastes away when exposed to particularly corrosive condi- 
tions at ordinary temperature. For effective resistance to scaling 
at high temperatures it is necessary to use an alloy steel or iron 
iust as it is necessary to use alloyed materials for effective 
resistance to ordinary-temperature corrosion. 

Data given recently by MacQuigg^'^^^^ illustrate the rapid 
ncrease in rate of oxidation of plain carbon steels, containing 
).15 to 0.20 per cent carbon, when exposed for one week to an 
3xidizing atmosphere at increasingly higher temperatures. The 
specimens used were cubes approximately 0.5 in. on a side. 
4^fter the given exposure, the adherent scale was flaked off as 
completely as possible without removing appreciable metal. 
The cubes were weighed after each period of heating, and the 
OSS was calculated and expressed as a percentage of the original 
fveight. Results were as follows; 



CORROSION 


657 


Tempe 

°C 

sratiire 

op 

Loss in weight in 

1 week, per cent 

300 

570 

0 09 

400 

750 

0 22 

475 

890 

0 52 

550 

1020 

0 43 

650 

1200 

3 33 

750 

1380 

15 10 

850 

1560 

36 80 

1000 

1830 

100 00 


From considerations of the mechanism of scale formation and 
from experimental data, Pilling and Bedworth^^*^^^ concluded that 
the rate of oxidation of iron at a constant (high) temperature 
can be expressed by the following equation: 



where W is quantity of oxygen, t time, and W a constant. By 
integrating they obtained the equation : 

Tf 2 = kt 

where fc is a new constant. According to this equation, the 
amount of oxide formed at a constant temperature varies directly 
as the square root of the elapsed time. 

Heindlhofer and Larsen^"^^^ presented experimental data on 
the rate of oxidation of commercially pure iron at various 
constant temperatures (Fig. 194) which show that the above 
relationship is fundamentally correct, though it may be modified 
by conditions such as blistering of the scale which disturbs the 
growth of a continuous sheet of oxide. These authors discussed 
the chemical and physical properties of the oxides of alloying 
elements for steel in respect to the modification in scaling 
properties which they produce and explained why rather large 
amounts of readily oxidizable elerhents are required to form a 
protective scale and thus produce what is ordinarily called a 
non-oxidizable alloy, but which is actually corrosion resistant 
because it is oxidizable. 

Since blistering of the scale is one of the disturbing factors 
in the rate of oxidation, and since blistering is a nuisance in 
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producing steel of smooth finish, Griffiths studied the 
factors involved in making steel with a uniform layer of scale. 
He concluded that an inert gas, such as the nitrogen of the air, 
may diffuse through the scale and, where local impurities or 
inclusions keep the scale from adhering tightly, this accumulation 
tends to lift the scale into a blister. He stated that blisters do 
not form readily in an atmosphere of pure oxygen. In experi- 



constant temperatures between 600 and 1100°C (1020 and 2010°F ) The lines 
are drawn with the slope required by the theory that the rate of scaling is pro- 
portional to the square root of the elapsed time {Hetndlhofer and Larsen ci-*)) 


menting, he found that steam added to the furnace atmosphere 
in the range of 850 to lOOO^C. (1560 to 1830°F.), within which 
blistering in air is most serious, remedied blistering. His 
explanation is that the surface is more slowly heated so that 
the initial layer of scale is not disrupted at the start, since very 
slow heating in air also produces less blistering. This explana- 
tion does not seem very satisfying. He claimed that in the 
presence of phosphorus or silicon the oxide penetrates into the 
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grain boundaries and gives the scale a tenacious hold, while 
changes in carbon content do not affect the adherence. 

The scaling of steel has been studied also at the University 
of Michigan^^’^’®^^*®®®*®®®^ where various atmospheres, steels, 
temperatures, and times of exposure were used, and the amount 
of scale formed was determined by weighing the descaled sample 
or by actually weighing the scale. Below 705°C. (1300°F ) 
there was little difference between the scaling action of steam, 
carbon dioxide, oxygen, and air, but between 705 and 915®C. 
(1300 and 1680°F ) steam was the most active oxidizing agent 
From 915 to 1080°C. (1680 to 1980°F ) oxygen was the most 
active, and above 1080°C (1980°F ) steam was again the most 
active Air formed more scale than steam in the region 940 
to 1010°C (1720 to 1850°F ). Carbon dioxide was for the most 
part less active than the other oxidizing gases. For gas-air 
mixtures at temperatures up to 925°C (1700°F ) an increase in 
carbon monoxide from ml to 4 per cent decreased the amount of 
scale formed by at least 50 per cent Increasing the amount of 
carbon monoxide from 4 to 17 per cent did not greatly decrease 
the amount of scale formed At higher temperatures, increasing 
the carbon monoxide content from nil to 12 per cent gradually 
decreased the amount of scale formed. The amount of scale 
formed did not have a simple relation to the carbon content of 
the steel Scaling losses for several commercial steels at tem- 
peratures of 925 and 1260°C (1700 and 2300°F ) are shown m 
Fig 195 These are for relatively short times and represent 
the initial behavior rather than that for long periods of exposure. 
The data from which the curves were plotted were obtained from 
samples heated in mixtures of air and commercial gas, the ratio 
of gas to air being varied to produce different atmospheres. 
These curves show that as the temperature is increased the 
carbon monoxide concentration must be greatly increased if 
severe scaling is to be prevented. 

Another investigation was reported by Schroeder,^®®^^ who 
determined the scaling losses of a^ 0.34 per cent carbon steel 
heated to various temperatures in atmospheres encountered in 
industrial practice. He found that for heating in an oxidizing 
atmosphere the scaling increased by 50 per cent as the tempera-, 
ture was increased from 900 to 950°C. (1650 to 1740°F.) and by 
100 per cent as the temperature was increased from 900 to 1000°C. 

/laKA 1 QOOOT? \ 
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206* Composition of Scale. — Careful studies of the structure 
and composition of scale were reported by Pfeil/®^ '*^®^ who found 
that it normally consists of three distinct layers differing in 
structure and composition. The layers consist of ferric oxide, 
magnetic oxide, and a decomposed ferrous phase. • The two outer 
layers, of ferric oxide and magnetic oxide, adhere firmly to one 
another, but the magnetic oxide tends to break away from the 
decomposed ferrous phase, which is, of course, the one in contact 
with the metal. 


Carbon monoxide, per cent 



Fig 196 — Scaling losses of some commercial steels m atmospheres resulting 
from the combustion of air and commercial gas The loss in weight was deter- 
mined after (A) 60 mm at 925°C. (1700®F.) and (B) 40 mm at 1260°C. (2300°F ) 
{Upthegrove <*“>) 

In a recent paper Endo^^^®^ reported the results of an investiga- 
tion on amount of scaling and on the composition of the scale 
formed. By means of a thermobalance he determined the 
increased weight by oxidation for 20 to 60 mm at 800 to 1200°C 
(1470 to 2190°F ) of six steels containing 0.11 to 0.62 per cent 
carbon. Two formulas for scaling were derived, one for ^‘mild’^ 
steel and one for higher carbon materials. From X-ray and 
microscopic examinations the scale was found to consist of an 
outer layer of Fe 203 , a central layer of Fe304, and an inner por- 
tion, adjacent to the unoxidized steel, which consisted of a mix- 
ture of Fe 304 and FeO. 

206. Decarburization, — In many heat-treating operations it is 
necessary to take special precautions to prevent scaling or 
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decarburization, often at a considerable expense. Sheets, and 
other shapes, are sometimes annealed in a reducing atmosphere 
in order to prevent discoloration or scaling. Tools and other 
small articles may be prevented from scaling during heat treat- 
ment by heating in contact with a carbonaceous material, by 
heating in a salt bath, or by heating in a controlled atmosphere. 

Heat-treating atmospheres which prevent scaling do not 
necessarily prevent decarbunzation ; in fact, atmospheres that 
cause some scaling may produce less decarburization than others 
that completely prevent scaling. An article by Curran and 
Williams, which contains a good bibliography on decarburiza- 
tion, cites results which indicate that the surface of higli-carbon 
steels is decarburized by heating in an atmosphere that is 
apparently strongly reducing. Decarburized surfaces were 
found on samples packed in charcoal and heated, but addition of 
sodium carbonate to the charcoal tended to prevent decarburiza- 
tion. Jominy^^®^^ studied the decarburizmg action of various 
gas-air atmospheres on high-carbon steels and found that, given 
sufficient time, even atmospheres containing an appreciable 
amount of carbon monoxide produce surface decarburization. 
Tour^^"^®^ published a paper on the use of controlled atmospheres 
in heat treating and gave the composition of so-called neutral 
atmospheres. According to him, the formation of a soft skin on 
carbon tool steels during heat treatment can be prevented by the 
use of a combusted^' fuel-gas atmosphere containing a small 
amount of free oxygen 

According to the information available, a given atmosphere 
may cause surface decarburization of certain steels but not of 
others It is, therefore, not possible to set up rigid specifications 
for a neutral atmosphere, and a really satisfactory knowledge 
of the reactions between atmospheres and high-carbon steels 
can be gained only by further investigation. 

E. AUTHOR’S SUMMARY 

1. Corrosive attack on iron or steel objects usually results 
in a gradual and uniform wasting away of the object unless it is 
exposed to an environment in which the attack is localized. 
Except in rare instances, intergranular penetration and brittle- 
ness do not result during or from the rusting of unalloyed steel 
or iron. 
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2. Corrosion resistance cannot be expressed in absolute units. 

3 Accelerated tests using an acid or other rapidly acting 
reagent as the corroding medium are of little use in evaluating 
the corrosion resistance of iron and steel. Despite the claims 
made in former years, acid-solution tests do not indicate the 
relative resistance of irons and steels to atmospheric corrosion. 

4 The probable rate of corrosion or rusting of a material in 
any environment can generally be estimated only from long-time 
tests made in substantially the same environment. 

5. It cannot be stated with certainty that wrought iron 
is more resistant to corrosive attack than ingot iron, or vice 
versa. Neither is it certain that increased carbon content of 
a steel decreases resistance to corrosion The corrosion resist- 
ance of cast iron compares favorably with that of ingot iron and 
wrought iron 

6 Variations in the content of ordinary impurities (save 
copper) of iron or steel have little influence on corrosion resist- 
ance Opinion is divided on the effect of oxygen 

7. To increase the corrosion resistance of iron or steel greatly, 
it IS necessary to resort to alloying Small amounts of copper 
markedly improve resistance to atmospheric attack Larger 
amounts of other elements such as chromium, silicon, or nickel 
greatly improve corrosion resistance; the effects of these, and 
other elements, are more properly discussed in the other mono- 
graphs of this series. 

8. Temper colors result from interference caused by thin 
oxide layers; the apparent color is dependent on the thickness 
of the layer and is probably not a function of the composition 
of the layer 

9 Some oxide coatings increase appreciably the resistance to 
corrosion 

10 The rate of scale formation at elevated temperatures is 
dependent on the composition of the surrounding atmosphere and 
on the temperature In an oxidizing atmosphere the rate of 
scale formation increases rapidly as the temperature increases 
above 900°C. (1650°F.). 

11. A reducing atmosphere can produce a decarburized surface 
on high-carbon steel Heat-treating atmospheres must be care- 
fully controlled if scaling and decarburization are to be prevented. 



CHAPTER XV 


MISCELLANEOUS PHYSICAL PROPERTIES OF 
IRON-CARBON ALLOYS 

Elastic Constants — Density and Related Properties — Thermal Expan- 
sion — Other Properties — Authors Summary 

This chapter deals with certain physical properties which have 
been more or less carefully investigated, often as a step in the 
study of theories of matter. An exact knowledge of these 
properties may or may not be required in the task of choosing a 
material for a particular use in engineering. When exact data 
are required, it is normally necessary to determine them upon the 
material to be used, since calculation and extrapolation from 
available data are seldom entirely safe in the case of an industrial 
ferrous alloy whose composition, when all impurities are con- 
sidered, may be complex and whose structure depends on the 
working and heat treatment. 

When a rough idea of the properties is all that is required, 
a knowledge of general trends in the case of high-purity iron, on 
which many of the determinations have been made, and a 
qualitative idea of the effect of carbon, may suffice. 

The agreement among the physical constants determined by 
various observers is on the whole not so good in the case of 
iron and iron-carbon alloys as it is for many other metals. It 
must be concluded that the physical properties of ferrous mate- 
rials are especially sensitive to variation in composition and 
structure. 

Considering commercial iron-carbon alloys as pure iron to 
which additions of carbon and other elements have been made, 
the properties of these alloys can be, m part, predicted and 
compared in terms of the effects which these additions have on 
the properties of pure iron. Pure iron is hence a useful base-line, 
particularly as its properties may be presumed to be better known 
than those of any alloy. Thus, in the following discussion, it 
was often necessary to refer briefly to the properties of iron itself, 
which are set forth in detail in ^^The Metal — 

663 
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A. ELASTIC CONSTANTS 

The elastic constants of steel are fundamental properties and, 
as such, arc useful to the designing engineer. Inspection of the 
data available on these properties leads to the conclusion that 
vanations of magnitude exist for which there is no explanation. 
For example, taking into consideration composition and structure 
leads to little useful information Approximate or average values 
seem to be adequate for most engineering applications, conse- 
quently there has been small incentive to undertake precise 
measurements. It seems that, for the present at least, the 
metallurgist can do almost nothing to influence the numerical 
value of these properties. 

207. Modulus of Elasticity. — The (Young^s) modulus of 
elasticity, which numerically is tension divided by elongation per 
unit length, and which may be considered a measure of the stiff- 
ness of a material, is essentially constant for different steels 
Reported values range from 27 to 31 million lb. per sq in. The 
figure is often rounded to 30 million, but, according to Laurson 
and Cox,^^®’^ 29 million is a more exact value. 

It is often alleged that some alloy steel or other in a particular 
condition of heat treatment has a greater modulus of elasticity 
than usual; therefore, that it is a better spring material Deter- 
mination of the modulus of elasticity demands careful manipula- 
tion and an accurate extensometer; difference of values obtained 
by different observers is ascribable more often to difference of 
precision or of testing procedure than to difference of the steels 
Furthermore, the stored energy — resilience — is of more interest 
to the spring maker than is modulus of elasticity. 

For iron-carbon alloys, Honda and Tanaka found the 
modulus of elasticity to decline from a value of 29 7 million for 
annealed low-carbon iron to 27.5 million lb per sq. in for an 
annealed 1.48 per cent carbon alloy For quenched alloys, smaller 
values were found: e g , 26.75 to 28.5 million for 0,10 to 1 19 per 
cent carbon alloys and 25 9 million for the 1.48 per cent carbon 
alloy. Moore,^®^^ however, stated that the modulus of elasticity 
is not changed by heat treatment. This statement may be 
supported by the inconclusive results of Lyse and Godfrey,^®®^^ 
who found values ranging from 27.5 to 30.5 million lb. per sq. in. 
for carbon and alloy steels in either the annealed or the quenched 
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and tempered condition. No consistent difference ascribable to 
heat treatment was found 

Probably the most reliable data on the modulus of elasticity of 
carbon steels were reported by Abram. Unusual care was 
exercised in technique and in preparation of the specimens. 
Results are given in Table 94. It is to be seen that the modulus 
of elasticity of Armco iron and mild steel is definitely greater than 
that of medium- and high-carbon steels, although the exact effect 
of carbon cannot be determined because of variation of manga- 
nese content. Abram concluded provisionally that the modulus 
of iron in the annealed condition is about 30 2 million lb. per sq. 


Table 94 — Modulus of Elasticity of Carbon Steels* 


Material 

Approximate 
composition, 
per cent 

Modulus of 
elasticity, mil- 
lion lb per 
sq m. 

I 

C 

Mn 

Armco iron 

0 03 

0 03 

30 1 

Mild steel 

0 16 

0 58 

30 11 

High-tensile steel 

0 31 

1 34 

30 03 

Carbon steel 

0 33 

0 72 

29 92 

Carbon steel 

0 66 

0 56 

29 67 

Carbon steel 

0 88 

0 88 

29 79 

Carbon steel 

1 04 

0 38 

1 

29 73 


* Abram 


in ; that, with increasing carbon content, the value declines to 
about 29.7 million; and that the modulus of medium- and high- 
carbon steels is approximately constant, although increased 
manganese content tends to increase its value. * 

Higher values of modulus of elasticity for cold-worked than 
for annealed steel have been reported, but, according to Jeffries 
and Archer, this is an error arising out of the fact that moduli 
for annealed metal were computed for stresses exceeding the 
elastic limit. , 

Although austenite and ferrite differ in crystal structure, the 
moduli of elasticity of austenitic and ferritic steels have been 
reported to lie within the same range. Thum^®®®^ quoted 29 mil- 
* The modulus oT elasticity is affected by temperature This is discussed 
in section 161, p. 438. 
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lion lb. per sq. in. for 18 per cent chromium, 8 per cent nickel 
steel, and Monypenny^^'^'®^ gave the range 26.5 to 30 million for 
the same material; these values will be seen to be indistinguish- 
able from those given for carbon steels. 

The definition of modulus of elasticity demands that strain 
is proportional to stress. For such materials as cast iron (and 
possibly 18 per cent chromium, 8 per cent nickel steel) this is 
not true; for them an approximation called the secant modulus^ ^ 
is made. The secant modulus is defined as the slope of the 
straight line connecting a given point on the stress-strain cu^ve 
with the origin. According to Salmon,^^®"^^ the secant modulus for 
gray cast iron ranges from 12 to 20 million lb. per sq in , and the 
values for white cast iron range from 20 to 25 million. The value 
for malleable iron is about 25 million. As may be expected, the 
value of the modulus of elasticity increases as the amount of 
free graphite decreases.* 

208. Poisson’s Ratio. — When a specimen is elastically stressed 
in tension it becomes smaller in cross-section. If the volume 
would not change, the ratio (called Poisson’s ratio”) of lateral 
contraction per unit width to increase m length per unit length 
would be 0.5. Actually, the volume increases, so that this ratio 
is not 0.5 but, for steel, is more nearly 0.3. 

The precise determination of the small change in diameter of 
a tensile bar is even more difficult than that of change of length, 
consequently special apparatus and great care are required 
to secure reliable data. 

Jsisper^^^^^ calculated Poisson’s ratio from elastic constants, 
using the modulus of elasticity and the modulus of rigidity as 
determined by torsion tests (see page 567), and made direct 
determinations of the ratio in the tensile test as well. His 
results at 16°C. (60°F.) follow: 


Carbon, 
per cent 

Condition 

Poisson ^s ratio 

Observed 

Calculated 

0 02 

Rolled 

0 197 

0 188 

0 41 

Normalized 

0 241 

0 245 

0 90 

Normalized 

0 241 

0 243 

1 20 

Normalized 

0 260 

0 241 


* The modulus of elasticity of cast iron is discussed in more detail on 
p. 291. Stress-strain curves for gray iron are illustrated on pp. 292 to 298 
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Several alloy steels yielded values from 0.26 to 0.27. The 
moduli of elasticity of all the steels at 16°C. (60°F.) ranged from 
29.9 to 30.6 million lb. per sq. in., while the torsional moduh 
ranged from 11.8 to 12.6 million. 

Jasper determined also the variation with temperature of 
Poisson^s ratio for 0.49 per cent carbon steel in the normalized 
condition. Results were: 0 267 at -“19°C. (0°F.), 0.245 at 16®C 
(60°F ), and 0.231 at 38^C (100°F ). Keulegan and House- 
man^®^®^ found Poisson\s ratio to remain almost constant with 
change of temperature. 

Jasper \s values are smaller than those usually given for steel. 
Lyse and Godfrey^®^^^ found the range 0.272 to 0 320 for annealed 
and for quenched and tempered carbon and alloy steels, and 
0.272 to 0.302 for rolled carbon structural steels. They cited 
several references to the literature showing that the value for 
structural steel ranges from 0.27 to 0 30 In discussion, H. F 
Moore reported that he found Poisson^s ratio on a 10-m -diameter 
steel shaft, in compression, applied by a 3 million-lb. testing 
machine, to be 0 30 to 0 32 According to Jasper, cold-rolled 
steel in tension has a relatively small ratio 

The variation of Poisson’s ratio is of the same order as that 
of the clastic modulus, and likewise cannot be certainly associated 
with variations in composition and heat treatment. Nor is 
there definite indication of what, if any, correlation there may be 
between these values and those of other properties of the steels 
It has been suggested, on the basis of the determination of 
Poisson’s ratio of two rails of which one had transverse fissures, 
that such determinations might throw light on the fissure prob- 
lem, but this has not been substantiated. 

209. Modulus of Rigidity. — The modulus of rigidity, some- 
times called the torsional modulus, is determined from values of 
shear stress and strain It is related to the modulus of elasticity 
by: 

E 

2(1 + <t) 

where G is the modulus of rigidity, E is the modulus of elasticity, 
and (7 is Poisson’s ratio. 

Zimmerh, Wood, and Wilson^^*** found a range of valu^ at 
room temperature of 10.7 to 11.2 million lb. per sq. in. for the 
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modulus of rigidity of hard-drawn 0.65 per cent carbon steel, for 
patented wire containing 0.71 to 0.90 per cent carbon, and for 
severely cold-worked music wire. Duplicate tests of annealed 
music wire yielded values of 10.3 and 11.7 million, as compared 
with 11.2 million lb. per sq. in. for the cold-worked wire. These 
workers concluded — ^for a reason which is not evident — that 
modulus of rigidity is increased in value by cold work; Jasper, 
in discussion, disagreed with this conclusion. Results of Zim- 
merli. Wood, and Wilson on the effect of temperature on the 
modulus of rigidity were inconclusive, but Jasper (again in dis- 
cussion) quoted eclectic values of 12-+- million at — 100®C 
(~148°F.), 11.7 million at room temperature, and about 9 5 
million at 500®C. (930®F.) . 

210. Bulk Modulus — Compressibility. — The bulk modulus is 
the ratio of pressure (applied equally in all directions) to the 
resulting fractional decrease of volume of a body. It is related 
to modulus of elasticity by 


K = 


E 

3(1 - 2(r) 


where K is the bulk modulus, E is the modulus of elasticity, and 
<r is Poisson^s ratio. 

According to Bridgman, the variation of volume of iron with 
pressure (0 to 12,000 kg per sq cm.) can be expressed by: 

-AF 

- 17 — = 5.87 X 10-^p - 2.1 X lO-'V' at 30°C. (85°F.) 
y 0 

and 

= 5.93 X 10-«p - 2 1 X 10-1^' at 75°C. (165°F.) 
where p is in kg. per sq. cm. 

There are no data on steels; however, no appreciable change in 
the value of bulk modulus with carbon content is to be expected, 
because, even though there is some variation of the modulus of 
elasticity, Poisson's ratio also varies. 


B. DENSITY AND RELATED PROPERTIES 

Density and its reciprocal, specific volume, are closely related 
to thermal expansion and compressibility. Thermal expansion 
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may be considered as the change in volume due to change in 
temperature, and compressibility the change in volume due to 
change in pressure. 

As a practical datum the density of pure iron calculated from 
direct determination, extrapolation, and lattice constant may be 
taken as 7.87 g. per cu cm. at 20°C. (70°F.), which corresponds to 
a specific volume of 0 1271 cu. cm per g. 


Tempering temperature, deg F 

0 200 400 600 800 1000 1200 



Fig 196 — Density of carbon steels in the hot-rolled, quenched, and quenched 
and tempered conditions {Cross and Hill 

211. Effect of Impurity on the Density of Iron. — For small 
additions to iron the change in density may be considered 
proportional to the amount of added element. The results of 
Benedicks^’^ are frequently cited. Gumlich^^’^^ and others have 
also investigated the effect of various additions. The agreement 
among various investigators is poor, and the density assumed for 
zero impurities differs so much that the results are of limited 
usefulness. 

212. Density of Carbon Steels. — A careful study of the density 
of plain carbon steels was made at the National Bureau of 
Standards by Cross and Hill.^^os) three purest sampfes of 
iron examined by them gave an average of 7.867 g. per cu. cm. 
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These results are shown in Fig. 196 The density in the hot- 
rolled condition could be represented by: 

Density = 7.855 - 0.032C 

where C is the percentage of carbon. On annealing, they found: 
Density = 7 860 — 0.04C 

Quenching decreased the density, the magnitude of this 
decrease rising with increased carbon content up to 1 per cent 
carbon 

Ralston^^^^^ averaged the available data on the density of 
the metallographic constituents as follows : 


Constituent 


Iron 

Cementite 

Pearlite 

Austenite with 0 9 % C 
Martensite with 0 9 % C 
Alpha martensite with 0 9 % C 
Beta martensite with 0 9 % C 


Specific volume, 
cu cm per g 

Density, 
g per 

cu cm 

0 1271 

7 864 

0 1304 

7 67 

0 1286 

7 778 

0 1275 

7 843 

0 1310 

7 633 

0 1319 

7 581 

0 1282 

1 7 800 


It IS well known that cold work decreases the density of 
non-porous iron or steel O^Neib^*’^ and Ishigaki^^^^^ both 
found that Armco-iron tensile samples decreased m density m 
the necked-down portion, the decrease being from a density of 
about 7 87 to 7.84 where the reduction of area was about 50 per 
cent. Annealing restored the density to the original value. 

The density of iron-carbon alloys, especially at elevated 
temperatures, has been studied by Tammann and Bandel,^^^®^ 
who gave the data reported as specific volume, shown in Fig. 197. 

213. Density of Molten Iron Alloys. — Benedicks, Ericsson, 
and Ericson^287) investigated the specific volume of a series 
of alloys in the molten condition, ranging in carbon content 
from 0.03 to 4.4 per cent. Table 95 shows their results. Figure 
198 shows the effect on specific volume at 1600®C. (2910®F.) of 
additions of carbon, aluminum, silicon, phosphorus, chromium, 
manganese, nickel, and tungsten. 
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Fiq 197. — Specific volume of iron-carbon alloys at various temperatures. 
{Tammann and Bandel 



Fig. 198 — Effect of various alloying elements on specific volume of iron-carbon 
alloys at 1600°C. (2910®F ) and at room temperature. {Benedicks, Ericsson, and 
Ertcson^^^'^^) 
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214. Volume Change on Melting. — High-purity iron shows the 
normal increase in volume on melting. The specific volume oi 
solid iron at 1530°C. (2785°F.), according to the X-ray measure- 
ments of Schmidt/®^^^ is 0.137 cu. cm. per g., and Benedicks and 
associates^^^®’^ value for a molten iron at 1530°C. (2785‘^F ) ig 
0.138 cu. cm. per g., indicating an increase in volume of about 
1 per cent. 

Sauerwald^^®®^ found that white cast iron (4.15 per cent carbon, 
2.2 per cent manganese) increased in volume 1.4 per cent or 
melting, whereas gray iron (3.32 per cent carbon, 2.76 per cent 

Table 95. — Averaged Values for the Specific Volume and Density oi 
Molten Iron-carbon Alloys at Their Melting Point and at 
1600®C (2910°F); also the Change in Specific Volume per 
lOO^C (180°F)* 


Carbon 
content, 
per cent 

Melting 

point, 

"C 

Specific 
cu cm 

At 

melting 

point 

volume, 
per g 

At 

1600°C 
(2910°F ) 

Change m speci- 
fic volume per 
100°C (180°F) 

Density, g per 
cu cm , 1600°C 
(2910®F ) 

0 0 

1533 

0 1384 

0 1397 

0 0020 

7 158 

0 1 

1514 

0 1399 

0 1416 

0 0021 

7 061 

0 2 

1503 

0 1407 

0 1428 

0 0021 

7 003 

0 3 

1494 

0 1412 

0 1436 

0 0022 

6 963 

0 4 

1486 

0 1416 

0 1441 1 

0 0022 

6 939 

0 5 

1480 

0 1419 

0 1445 

0 0023 

6 920 

0 6 

1477 

0 1421 

0 1448 

0 0023 

6 905 

0 7 

1474 

0 1423 

0 1451 

0 0023 

6 891 

0 8 

1469 

0 1424 

0 1454 

0 0024 

6 877 

0 9 

1464 

0 1425 

0 1457* 

0 0024 

6 863 

1 0 

1458 

0 1425 

0 1461 

0 0025 

6 844 

1 5 

1422 

0 1423 

0 1471 

0 0028 

6 798 

2 0 

1382 

0 1423 

0 1487 

0 0030 

6 725 

2 6 

1341 

0 1417 

d 1501 

0 0033 

6 662 

3 0 

1290 

0 1413 

0 1518 

0 0035 

6 587 

3 5 

1232 

0.1409 

0 1539 

0 0037 

6 499 

4.0 

1170 

0 1403 

0 1566 

0 0038 

6 385 

4 4 

1190 

0 1430 

0 1587 

0 0038 

6 301 


* Benedicks^ Encseon, and Ericeon <»’> 
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silicon, 0.49 per cent phosphorus) decreased 0.6 per cent on 
melting. The abnormal decrease in the gray iron was ascribed 
to the volume contraction resulting from the formation of cement- 
ite. As discussed on pages 264 and 265, Bardenheuer and 
Ebbefeld^^^®^ and Bardenheuer and Bottenberg^^^^^ concluded that 
evolution of gas was a factor in the expansion of gray iron during 
solidification. As a general rule, iron-carbon alloys expand on 
melting and contract on solidification. During solidification the 
evolution of gas and the formation of graphite may lead to an 
apparent increase in volume. 

C. THERMAL EXPANSION 

Density and thermal. expansion are related by the expression: 

n - ^0 

“ 1 + 3at 

where A is the density at temperature tj Do is the density at 
temperature zero, and a is the coefficient of linear thermal 
expansion. This relation is valid only for isotropic crystalline 
substances for which the coefficient of cubical expansion may be 
considered to be equal to 3 times the linear coefficient. The 
expression is not useful for determination of expansion; it is 
useful rather for computation of density at elevated temperature, 
since the temperature range is narrow over which experimental 
determination of density is feasible. An even better method, per- 
haps, is computation of (ideal) density from X-ray measurements. 

Two different coefficients are reported in the literature: 
(1) the ^Hrue^' coefficient, which is given by the slope of the 
expansion-temperature curve at any point, and (2) the ^‘mean^' 
coefficient, which is the average expansion per degree over a 
definite temperature range. 

216. Thermal Expansion of Steels and Cast Irons, — Most data 
on thermal expansion have been obtained by direct measurement. 
As a basis of comparison, mean coefficients of expansion of iron 
are given in Table 96. (Additional data may be found in ^‘The 
Metal — Iron. ) 

The influence of addition of other elements to iron on the 
mean coefficient of expansion between 20 and 450°C. is shown in 
Fig. 199 as giVen by Mtturer and Schmidt. Mocheb^^^^ 
summarized the data on coefficients of expansion of iron-carbon 
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Table 96 — Mean Coefficients of Expansion of Iron 


Austin and Pierce 

Schmidt 

Esser and MUllert<®o®> 

Tempera- 

Coeffi- 

Tempera- 

Coeffi- 

Tempera- 

Coeffi- 

ture 

cient 

ture 

cient 

ture 

cient 

range, °C 

a™ X 10* 

range, ®C 

am X 10« 

range, °C 

a„ X 10« 

0 to 100 

11 9 

20 to 100 

11 6 

20 to 100 

13 5 

0 to 400 

13 7 

20 to 400 

12 0 

20 to 400 

14 8 

0 to 700 


20 to 740 

12 7 

20 to 750 

16 2 

0 to 800 

14 9 

20to 900 

13 6 

20 to 900 

15 7 



20 to 1400 

16 2 





910 to 1400 

24 1 

900 to 1100 

24 0 


♦ Selected average 

t Determined by X-ray measurements on electrolytic iron containing 0 01 per cent carbon 
X Determined by X-ray measurements on carbonyl iron 


alloys. The expansion of steel is in general somewhat less than 
that of high- purity iron; that of cast iron maybe considerably less, 



Alloying components, percent 


Fig. 199. — Effect of various elements on the mean coeflficient of expansion of iron. 
{Maurer and Schmidt 


certain annealed samples giving a coefficient of expansion as low 
as 8.6 X 10”* per ®C. Mochers tabulation for annealed, or 
normalized and tempered, steels shows that the coefficient is not 
markedly affected by carbon content. The coefficient from 0 to 










Table 97 — Mean Coefficient of Expansion of Iron-carbon Alloys’ 
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100®C. varies from 11.1 to 12.8 for carbon contents from 0.006 
to 0.94 per cent. That for 600 to 700°C. is given as 17.4 for 
0.006 per cent carbon and as 16.0 to 16.6 for steels containing 
0.17 to 0.59 per cent carbon. 

Perhaps the most comprehensive measurements of expansion 
of iron-carbon alloys were conducted by Driesen.^^s) 
alloys contained from 0.06 to 3.8 per cent carbon and were low 
m manganese, silicon, sulphur, and phosphorus. The measure- 
ments of expansion seem to have been conducted with care, 
consequently the expansion coefficients should be fairly reliable 
although they are certainly not good to the eight decimal places 
reported. However, they are reproduced here as given in the 
original. 

In Table 97 are given coefficients computed for intervals 
ranging from 20®C. to a series of temperatures up to 1000°C 
The coefficients of Table 98 are for 100°C. intervals. The 
changes of sign in these columns are a consequence of transforma- 
tion Inspection of Driesen^s data leads to the conclusion that 
the coefficient of expansion of ferritic carbon steels declines some- 
what in value with increased carbon content and that the coef- 
ficient of austenitic carbon steels increases with increased carbon 
content. The coefficient of expansion of cast iron, at least in 
the ferrite range, seems to be smaller than that of steel. 

D. OTHER PROPERTIES 

There remain for discussion in this chapter several properties 
of iron-carbon alloys which are related vaguely if at all. These 
are vapor pressure, emissivity, and thermal conductivity. 
Emissivity is of interest in the measurement of temperature by 
optical methods, and thermal conductivity is a necessary datum 
in heat-transfer computation. 

216. Vapor Pressure. — Experimental data on the vapor pres- 
sure of iron are meager. Jones, Langmuir, and Mackay^^^^^ 
measured the rate of evaporation of filaments of iron at tempera- 
tures from 997 to 1307®C. (1825 to 2385®F.) and computed vapor 
pressure from a theoretical relation among rate of evaporation, 
vapor pressure, and temperature. Their vapor pressures (shown 
in Pig. 200) extrapolate to a normal boiling point of 3200®C. 
(5790®F.). This value is rounded to 3000®C. (5430®F.) in ‘'The 

Metal— Iron. ^^(794) 
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Temperoiture.deg F 
4581 4941 5301 5661 
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There is apparently no information on iron alloys, but there 
is little reason to believe that iron-carbon alloys should have 
vapor pressure much lower than that of iron. Vaporization of 
iron under ordinary steel-melting conditions should be negligible. 
In vacuum melting, there is some volatilization, and pressures less 

than about 0.03 mm. of mercury 
over molten iron should not be 
obtainable. 

217. Emissivity. — A prop- 
erty of importance in the 
pyrometry of steel is the emis- 
sivity. Inasmuch as unpro- 
tected iron and carbon steel 
soon become covered with rust 
in an ordinary atmosphere, the 
room-temperature optical prop- 
erties are of little interest. 

Mellor^^^'^ summarized the 
results of many workers on the 
reflectivity of an iron surface 
For long wave lengths, the 
reflectivity ranges from 65 per 
cent at 1 /i to 96 per cent at 14 ju. 
For short wave lengths, the 
reflectivity ranges from 22 per 
cent at 1880 A. to 63 per cent 
at 8700 A. Chickaschige and 
Uno^®^®^ showed that thereflect- 



Temperoifure, deg C. 

Fig. 200 — Vapor pressure of iron. 
(Jones, Langmuir, and MackayS^^^^) 


ing power does not vary appreciably with carbon content, or with 
heat treatment. 

At elevated temperatures a smooth, clean, bright, metallic 
iron or steel surface has relatively low emissivity; large correction 
factors are required in optical and radiation pyrometry. 

According to Burgess and Foote, ^^2) oxidized iron emits 80 
to 85 per cent as much radiation as a black body from 700 to 
llOO^C. (1290 to 2010^F.). 


Foote and Fairchild^®®^ stated that a surface of solid iron oxide 
in the open gives correct readings with an optical pyrometer at 
700°C. (1290®F.), gives readings 5®C. (10®F.) low at 1050®C 
(1920°F.), and lO^^C. (20^F.) low at 1200®C. (2190°F.). Bright 
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molten iron, however, gives readings of 1100°C. (2010®F.) 
when the true temperature is 1185°C. (2165®F.), and 1750®C. 
(3180^F.) when it is actually 1935®C. (3515°F.). With a radiation 
pyrometer, the readings are 400°C. (720°F.) low at a true tem- 
perature of 1200°C. (2190^F.), and 550°C. (990°F.) low at 1750®C. 
(3180°F.). 

If the myrror surface of a molten metal becomes covered with 
an oxide film, the emissivity, and hence the apparent tempera- 
ture, generally increases. Wensel and Roeser^^ss) found a change 
to occur at about 1375°C. (2505°F.) on the surface of molten 
cast iron in the open; emissivity is higher below 1375°C (2505®F ) 
and lower above this temperature, consequently, a correction 
of about 40°C (TO^^F ) is required below 1375°C. (2505°F.) 
Larger corrections are required above 1375°C (2505°F.); mz y 
110°C at 1400°C. (200°F at 2550°F ) and 140°C at 1600°C. 
(250°F at 2910°F ) They deduced, therefore, that there is an 
invisible oxide film at the lower temperature, which dissolves 
in the metal above 1375°C. (2505®F.). Hase<^^^^^ came to a 

similar conclusion. 

218. Thermal Conductivity. — Metals and alloys are used fre- 
quently under conditions in which the flow of heat through them 
is important. Often, however, the rate of heat transfer does 
not depend upon the properties of the metal, but upon the other 
materials which are in the path of flow. When the path through 
the metal is relatively long the conductivity of the metal may 
have an important influence on the heat transfer. This question 
has been discussed by Van Dusen.^^®^^ 

Judged by the lack of agreement among various determina- 
tions, it must be concluded that the thermal conductivity of 
high-purity iron is not known with any great accuracy. The fre- 
quently quoted value of Honda and Simidu^^"*^ of 0.134 cal. per 
sec. per sq. cm. (°C per cm.) is certainly too low. Masumoto^^^®^ 
found 0.174^ cal. per sec. per sq. cm. (°C. per cm.) to be repre- 
sentative of a number of values for ''fairly pure’’ iron. [The value 
chosen in "The Metal — Iron'' is 0.19 cal. per sec. per sq. cm. 
(°C. per cm.) at 0®C.] The effect on thermal conductivity (X) 
of additions to iron was given by Masumoto in the form 


I = 5.744 + 2.432C + 5.087Si + 2.461Mn 
X 
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where C, Si, and Mn represent the percentages of the correspond- 
ing elements. 

There is available in the literature a large number of data 
on iron-carbon alloys, on, in general, isolated samples. Com- 
parisons among these data in an effort to establish trends are of 
little value because of the large discrepancies. Donaldson, 
over a period of years, made careful thermal-conductivity meas- 
urements with apparatus capable of variation of no more than 
about 2 per cent. His conclusions are as follows: 

1. The thermal conductivity of wrought iron (trace carbon, 0.92 per 
cent silicon, 0.20 per cent manganese, 0.014 per cent sulphur, 0 007 per 
cent phosphorus) is approximately 0.175 cal. per sec. per sq. cm. 
(®C. per cm.) at 100°C. (210°F.) and decreases with increasing 
temperature. 

2. The thermal conductivity of steel decreases with increasing carbon 
content, a value of 0.160 cal. per sec. per sq. cm. (°C. per cm ) being 
obtained for a 0.10 per cent carbon steel and 0.117 cal. per sec per sq. cm. 
(®C. per cm.) for a 1.09 per cent carbon steel. 

3. The falling off in thermal conductivity with increasing carbon 
content results from the influence which the carbon has on the structure 
in producing relative amounts of ferrite, pearhte, and cementite. 

4. The data obtained indicate that the thermal conductivity of 
ferrite is higher than the value 0.174 cal. per sec. per sq. cm. (°C. per cm.) 
hitherto adopted; and that pearlite has a thermal conductivity of 
approximately 0.124 cal. per sec. per sq cm. (°C. per cm.). 

5. Black-heart malleable iron, with a structure of ferrite, temper 
carbon, and a small proportion of pearhte, has a thermal conductivity 
of 0.150 cal. per sec. per sq. cm. (®C. per cm.) at 100°C. and white- 
heart malleable iron, with a structure of pearlite, temper carbon, and 
a small proportion of ferrite, a thermal conductivity of 0.115 cal. per 
sec. per sq. cm. (®C. per cm.) at a similar temperature. 

6. The influence of silicon is to lower the thermal conductivity of all 
iron alloys. Its influence is most marked in cast iron, where the thermal 
conductivity decreases rapidly with an increase in silicon content. With 
over 2 per cent of silicon the falling off in conductivity is reduced con- 
siderably, owing to the formation of a ferrite structure. 

7 . The influence of phosphorus is to produce a slight decrease in the 
thermal conductivity of gray cast iron. 

Shelton and Swanger^®®®^ and Shelton^^^^^ reported the results 
given in Fig. 201. Except for quenched plain carbon steel 
(which became tempered during the test), the thermal con- 
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ductivity decreased linearly with increased temperature. The 
decrease for cast iron was less rapid than for relatively pure 



Fig 201. — Thermal conductivity from 100 to 650°C (210 to 1020®F.) of 
(Cl) open-hearth iron, approximately 99 9 per cent iron, (C 2 ) wrought iron, 
approximately 99 5 per cent iron, (Cj and C 4 ) cast irons, approximately 4.0 per 
cent carbon and 1 6 per cent silicon, (aSi) 0 83 per cent carbon steel; and {SiQ) 
0 83 per cent carbon steel as quenched, ?! watt per sq cm. (®C. per cm ) « 0 239 
cal per sec. per sq. cm. (°C per cm.) or 67 9 Btu. per hr. per sq. ft. (®F. per ft ). 
(Shelton and Swanger^^^'^ and Shelton 


iron, so that at .550°C. (1020°F.) the cast iron was as good a 
conductor as ingot iron. High-chromium steels, including 18 per 
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cent chromium, 8 per cent nickel steel, had low conductivity 
but it increased rapidly with temperature. 

As a practical measure of comparative magnitudes, with copper 
as a standard [for which thermal conductivity at room tempera- 
ture is about 4 watts per sq. cm. (°C. per cm ) or about 0.96 cal 
per sec. per sq. cm. (°C. per cm )], the conductivity of substan- 
tially pure iron is about % that of copper, of high-carbon steel 
about 3"^, and of 18 per cent chromium, 8 per cent nickel steel 
about 

As Fig. 201 shows, martensitic carbon steel has lower thermal 
conductivity than the same material in th^ tempered condition. 



Fro 202 — Thermal conductivity at 20°C (70°F ) of iron-carbon alloys contain- 
ing about 0 5 per cent manganese and 0 2 per cent silicon (Naeser 

Curve SiQ shows how it tempered during the thermal-conduc- 
tivity tests. The thermal conductivity of iron, steel, and cast 
iron decreases with increasing temperature; that of the high- 
chromium steels, including 18 per cent chromium, 8 per cent 
nickel steel, increases with increasing temperature Data 
obtained by Naeser^*^^^^ are given in Figs. 202 and 203. 

The thermal conductivity of cast iron is less than that of 
relatively pure iron at room temperature, but decreases less 
rapidly with increasing temperature; at 550°C. (1020°F.) cast 
iron and ingot iron have about the same conductivity Shelton 
and Swanger^s curves for cast irons of about 4 per cent total 
carbon, 0.6 per cent combined carbon, and 1.4 per cent silicon 
are always above and approximately parallel to those for eutec- 
toid steel. Most data on cast irons of lower carbon and higher 
silicon contents lie in about the same range as those on carbon 
steels. 
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According to Donaldson/^®^^ the thermal conductivity of 
plain carbon steels (including cast steels) varies from 0.12 to 
0 14 cal. per sec. per sq. cm. (®C. per cm.); it decreases with 
increased carbon content and with increased temperature. The 
conductivity of gray cast iron varies from 0.11 to 0.137. Free 
ferrite has a higher thermal conductivity than pearlite, as may be 
inferred from his values of 0.174 cal. per sec. per sq. cm. (®C. 
per cm.) for ferrite and of 0.017 cal. per sec. per sq. cm. (®C. 
per cm.) for cementite.^^^^^ Masumoto^^^®^ found that chilled 



Fia 203 — Thermal conductivity of iron and two carbon steels at different 
temperatures {Naeaer (^74)) 

cast iron increased in thermal conductivity during malleabliza- 
tion by 4 per cent for each 1 per cent combined carbon in the 
chilled iron. 

Other data on thermal conductivity were given by Sohn- 
chen/’^^®^ who found that cementite reduces the conductivity of 
cast iron more than does graphite, by Donaldson, and by 
Hattori,^^^°^ who discussed tool steel. 

E. AUTHOR’S SUMMARY 

1. The elastic constants of iron and iron-carbon alloys — 
modulus of elasticity, Poisson^s ratio, torsional modulus, and 
bulk modulus — as determined at room temperature — are but 
little affected by composition or structure. The modulus of 
elasticity is between 29 and 30 million lb. per sq. in.; data are 
given which indicate that for high-purity iron the modulus is 
about 30 million lb. per sq. in. and slightly lower for steels con- 
taining up to 1 per cent carbon. Poisson’s ratio for carbon steels 
is about 0.3 ; the variations in this value as reported in the 
literature cannot be associated with changes in composition and 
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structure. The modulus of rigidity is approximately 11 million 
lb. per sq. in. There are no data for the bulk modulus of carbon 
steels, but no appreciable change with carbon content is to be 
expected. 

2. The density of iron-carbon alloys is sensitive to changes 
in composition, structure, and temperature, and to phase changes 
The density decreases with increasing carbon (cementite), with 
quenching, and with cold working 

3. In general, iron-carbon alloys expand on melting and 
contract on solidification. During solidification, the evolution 
of gas and the formation of graphite may lead to an apparent 
increase in volume. 

4. The thermal expansion of steel is in general somewhat 
less than that of high-purity iron; that of cast iron may be con- 
siderably less. The coefficient of expansion of ferritic carbon 
steels becomes somewhat lower as the carbon content increases 
The coefficient of austenitic carbon steels increases with increased 
carbon. 

5. The vapor pressure of iron increases rapidly above 2500°C 
(4530®F ); the boihng point is about 3000°C. (5430°F ). 

6. Bare molten iron or steel has a relatively low emissivity; 
this necessitates a large correction factor in optical and radiation 
pyrometry. When the metal is covered with a layer of iron 
oxide, however, the emissivity is fairly high; different slags 
vary in their emissivity. 

7. The thermal conductivity of iron is about one-sixth that 
of copper. The thermal conductivity of high-purity iron is con- 
siderably higher than that of steel. Cast iron has a somewhat 
higher conductivity than high-carbon steel since cementite and 
pearlite lower the conductivity more than does graphite. Carbon 
in solution has the greatest effect in lowering the thermal con- 
ductivity; quenched steel, therefore, has lower conductivity than 
annealed steel. 



CHAPTER XVI 


ELECTRIC AND MAGNETIC PROPERTIES OF 
COMMERCIAL IRON-CARBON ALLOYS 

Electric Properties — Magnetic Properties — High-carhon Alloys Per- 

manent Magnets — Author\ Summary 

Metals and alloys are conductors of electricity but they 
differ greatly in their capacity to conduct or, conversely, to 
resist the passage of electric current For example, the resistivity 
of high-pun ty iron (9 8 microhm-cm. at 20°C ) is much higher 
than the resistivity of copper (1.72 microhm-cm. at 20°C.). 
Moreover, the resistivity of a metal is usually increased to a 
marked degree by alloying or by the presence of impurities 
The effect of impurities, especially carbon, on the electric 
properties of iron has been summanzed by Cleaves and Thomp- 
son Some of their data, enough to serve as a basis of 
comparison with the electric properties of commercial iron- 
carbon alloys, are given below. 

Of the common chemical elements only three — ^iron, cobalt, 
and nickel — possess the property of ferromagnetism. That the 
most common, and the cheapest, of all the metals (iron) possesses 
this property is fortunate because, as Cleaves and Thompson 
stated, ^St IS largely by the magnetization of iron that the 
commercial conversion of mechanical to electric power, or of 
electric to mechanical power, is effected. Although carbon 
steels have been supplanted for many purposes by other ferrous 
alloys with better magnetic properties, they have the advantages 
of cheapness and almost universal availability and are, therefore, 
still widely used. 

The effect of impurities, especially carbon, on the magnetic 
properties of iron has also been summarized adequately by 
Cleaves and Thompson To serve as a foundation for a discus- 
sion of the magnetic properties of carbon steels, some of Cleaves 
and Thompson's, data for high-purity iron and for iron con- 
taining small amounts of carbon are also summarized in the 
present chapter. 


eoe 
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Methods for the determination of electric and magnetic proper- 
ties have been used frequently by investigators of the constitution 
of ferrous alloy systems to determine transformation and transi- 
tion points. This has been discussed in Volume I of this mono- 
graph (pages 29 to 33). 


A. ELECTRIC PROPERTIES 

The electric property of ferrous materials which is of greatest 
commercial interest is conductance, or its reciprocal, resistance. 
The latter, most frequently reported as specific resistance or 
resistivity^ is the resistance of a standard section, usually a block 
1 sq. cm. in cross-sectional area and 1 cm long; its dimensions arc 
microhms per centimeter cube, or microhm-centimeters Since 
the electric resistivity of a ferrous alloy changes with temperature, 
the temperature must be stated. The change m resistance for a 
change of 1° (always °C for scientific work) is called the tempera- 
ture coefficient of electric resistance 

The thermoelectric properties of iron-carbon alloys are of 
relatively small importance For iron, these have been reviewed 
in detail by Cleaves and Thompson, some of whose data on 
the effect of carbon are summarized m the following sections 
219 . Resistivity of High-purity Iron. — In general, the resistiv- 
ity of metals and alloys increases with temperature; for many 
pure metals the resistivity is roughly proportional to the absolute 
temperature. In the absence of transformations it is possible 
to express the variations of resistivity with temperature by a 
power series of the form: 

Rt = J?o(l + + ^t^) 


where Rt and Ro are resistivities at the temperatures t and O^^C. 
respectively and a and /? are constants, a being much larger than 
i9. This form, however, finds little use. More commonly, the 
temperature coefficient of resistance is defined by the equation: 


Temperature coefficient a 


Rt — Rt' 
Ro(t - t') 


where Rty Rcf and Ro are the resistance values at temperatures t, 
t'j and 0®C. The unit of the temperature coefl[icient is ohms per 
ohm per degree centigrade, or simply per degree. 
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The values Selected by Cleaves and Thompson^^®^^ for high- 
punty iron for resistivity at 20°C. (JK 20 ), and the temperature 
coefficient for the range 0° to 100°C. (a:© to 100 ) are: 

R 20 = 9.8 microhm-cm. 

and 

aoto 100 = 0.0065 per °C. 

This value for the temperature coefficient is abnormally high, 
being exceeded only by nickel and cobalt. For most pure metals, 
it is about 0 004 per deg. 



Temperature, deg C 

Fig 204 — Variation of electric resistivity of high-purity iron with temperature. 
{Cleaves and Thomjyson' selected values ) 


220. Effect of Temperature on Resistivity of Iron and Iron- 
carbon Alloys. — The effect of elevated and subnormal tempera- 
tures on the resistivity of high-purity iron is shown in Fig. 204 
from Cleaves and Thompson Iron does not become super- 
conducting at temperatures above absolute zero. The resistance 
approaches zero at absolute zero its failure to attain zero value, 
shown in Fig. 204, may be caused by impurity. 

Resistivity determinations of iron-carbon alloys at elevated 
temperatures and at the melting point have been made by 
Bornemann and Wagenmanm^^?) Their values are given in 
Table 99. The temperature coefficients are given in Table 100. 
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221. Influence of Carbon and Other Elements on the Resistiv- 
ity of Iron. — It is well known that the addition of other elements 
increases the resistivity of iron. Table 101 gives the values of 
Norbury/®^) as quoted by Cleaves and Thompson/^^^^ and from 


Table 99 — Effect of Temperature on Resistivity of Iron-carbon 

Alloys* 


Carbon, 
per cent 

Melting 

point, 

°C 

Reeistivity, 
microhm-cm , 
at melting 
point 

1 Resistivity, microhm-cm 

, at temperature of (®C ) 

1200 j 

1300 

1400 

1460 

1600 

1560 

1600 

1660 

0 00 

1606 

. 131 1 






133 3 

136 7 

138 1 

0 22 

1496 

136 4 





136 6 

138 7 

140 8 

142 9 

1 19 

1416 

149 1 




160 1 

151 5| 

152 9 

164 3 

166 7 

3 80 

1190 

148 0 

148 2 

150 3 

162 6 

163 7 

164 8 

156 9 

157 0 



* Bornemann and Wagenmann 


Abegg's handbook. Benedicks'^^^ rule that, for all substances 
which form solid solutions with iron, the change in resistivity is 
the same for the addition of 1 atomic per cent, is, from the values 
given in Table 101, seen to be only approximate, even if the 
ferromagnetic elements nickel and cobalt are omitted 

Table 100 — Mean Temperature Coefficient of Resistance (from 
Melting Point to 1650®C ) of Iron-carbon Alloys* 


Carbon, 
per cent 

Melting 
point, °C. 

Mean 

temperature 
coefficient a 

0 00 

1505 

0 000366 

0 22 

1495 

0 000308 

1 19 

1416 

0 000188 

3 80 

1190 

0 000148t 


* Bornemann and Wagenmann, 07) 
t Meltmit point to 1600®C 

The application of such figures to the computation of the 
resistivity of steels may provide a reasonably satisfactory 
approximation, but only that; for, aside from the uncertainty in 
the individual values, it is known that the effect of additions 
is not strictly proportional to the amount and, further, may 
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depend upon other elements present. As these results refer to 
20®C. (70°F.) the resistivity of iron at 20°C. (9.8) should be used. 

Table 101 — Effect of Added Elements on the Resistivity of Iron 


Increase in resistivity, microhm-cm. 


Element 

Per 1 weight per cent 
added 

Per 1 atomic per cent 
added 

Norbury* 

Abegg^^^’^ 

Norbury * 

Abegg^**^^ 

Carbon 

34 0 

34 0 

7 6 

7 6 

Manganese 

5 0 

5 0 to 10 5 

4 9 

4 9 to 10 3 

Silicon 

13 5 

13 0 to 15 8 

6 9 

6 5to 8 0 

Sulphur 


12 0 


6 9 

Phosphorus 

11 0 

11 0 

6 1 

6 1 

Nickel 

1 5 

1 55 to 4 55 

1 5 

1 7 to 4 7 

Chromium 

5 4 

2 5 to 5 4 

5 0 

2 3to 5 0 

Vanadium 

5 0 

6 7 

4 6 

6 1 

Tungsten 

1 5 

2 0 to 3 6 

4 9 

6 5 to 11 8 

Molybdenum 

3 4 

3 4 

5 8 

5 8 

Cobalt 

1 0 

1 0 to 3 0 

1 0 

1 1 to 3 2 

Titanium 


1 0 


0 9 

Copper 

4 0 

3 0 to 4 0 

4 5 

3 4 to 4 6 

Nitrogen 

14 6 

14 6 

3 8 

3 8 

Alummum 

12 0 

11 1 to 14 4 

5 8 

6 0 to 7 7 


* Selection of values by Norbury^®*) as most probable Quoted by Cleaves and Thomp- 
son 


According to Gumlich^^^^ the resistivity at 20°C. (70°F.) of 
steels containing up to 0.9 per cent carbon is given by 

p20 = 10.5 + 3p + 2p^, 

where p is weight percentage carbon. Yensen^^^^^ distinguished 
between carbon all in solution and carbon as free cementite by 
means of two formulas: 

P 20 = 9.6 + 82 5p (p less than 0.02 per cent carbon) 

P 20 = 11.25 + 4.5(p — 0.02) (i) greater than 0.02 per cent 

carbon) 

The effect of form of cementite on the resistivity of iron- 
carbon alloys was investigated by Bardenheuer and Schmidt. 
Their results for pearlitic cementite and massive cementite are 





690 


THE ALLOYS OF IRON AND CARBON 


given in Fig. 205; as may be expected, pearlite is the more 
effective in increasing the resistivity. 

Resistivity values for several cast irons reported by Part- 
ridge^276) (Table 107, page 610) range from about 45 to about 
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Fio 205 — Effect of carbon on the electric resistivity of carbon steels with 
the carbon as lamellar pearlite or spheroidized cementite. (Bardenheuer and 
Schmidt ^247)) 


60 microhm-cm. The range for malleable iron, given by the 
Symposium on Malleable Iron Castings, is shown by the 
following data: 


Specimen 

Number 

Resistivity, microhm-cm 

number 

of tests 

Maximum 

Minimum 

Average 

1 

37 

37 

mM 

30 5 

2 

i 

9 

36 02 


33 3 
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222. Effect of Thermal Treatment on the Electric Resistivity 
of Carbon Steel. — The effect of quenching on the electric resistiv- 

Table 102 — Composition op Specimens Used by Campbell^*^^ in His 
Resistivity Measurements 


Element, per cent 


c 

Mn 

P 

s 

Si 

0 04 

0 10 

0 007 

0 029 


0 30 

0 204 

0 012 


0 033 

0 35 

0 08 

0 009 

0 024 

0 18 

0 41 

0 08 

0 012 

0 016 

0 19 

0 57 

0 11 

0 010 

0 020 

0 17 

0 94 

0 27 

0 018 

0 020 


1 04 

0 214 

0 019 

0 023 

0.191 

2 71 

0 08 

0 012 

0 014 

0 09 


ity of commercial iron-carbon alloys was investigated by Gum- 
Some of his results are reproduced in Fig. 206. (The 
temperature coefficients are for the range 20 to 100®C ) Results 
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Fig. 206. — Electric resistivity (p) and temperature coefficient (a) of iron-carbon 
alloys after different treatments. {QumlichM'^)) 


of Campbelh'*®^ on alloys of cdmposition given in Table 102 are 
collected in Table 103. 
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Indication that the resistivity of quenched steels decreases 
with the passage of time was found by Benedicks and asso- 
ciates/ Their data are given in Table 104. 


Table 104 — Effect of Time on the Resistivity of Steels Water 
Quenched from 800°C (1470°F.)* 


Mark 

Carbon, 
per cent 

Resistivity, microhm-cm , at 18°C (65 °F ) 

1900 

1919 

1926 

1 

0 08 

10 90 

10 6 

10 79 

2 

0 45 

28 99 

27 9 

28 33 

3 

0 55 

34 36 

32 9 

32 90 

4 

0 90 

36 94 

32 2 

32 16 

5 

1 20 

42 13 

36 8 

36 38 

6 

1 35 

44 35 

1 

39 6 

39 25 


♦ Benedicks, B&ckstrom, and Sederholm 0^0 


223. Thermoelectric Properties. — The thermoelectric proper- 
ties of the iron-carbon alloys are of relatively small interest, and 
there are few data available. The effect of carbon was discussed 
by Broniewski,^^®^ Dupuy and Portevin,^^"^^ and Campbell;^'*^^ 
Campbell discussed also the effect of quenching and tempering 
These data are summarized in ^^The Metal — Iron^^^^^"^^ and need 
not be repeated here The thermal electromotive force increases 
with increased carbon content, is much greater m the quenched 
than in the annealed condition and decreases as the quenched 
specimen is tempered at increasing temperatures, the limit being 
the temperature of eutectoid transformation. 

B. MAGNETIC PROPERTIES 

Commercial alloys of iron and carbon, in the earliest days 
of electric machinery, were the only available core material. 
Cast iron was much used for frames and yokes; even though it is 
not a good magnetic material, cast iron is cheap, is easy to cast, 
and is easy to machine. The magnetic properties of cast steel 
are much better than those of cast iron, consequently this 
material has to a great extent supplanted cast iron for such parts 
as frames and yokes. (It has been demonstrated in recent years, 
however, that cast iron having relatively good magnetic proper- 
ties can be produced.) Carbon steel was once the only material 
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used for construction of transformer cores; it is still used some- 
what, because of its cheapness, for laminated poles. The mag- 
netic material of widest application is open-hearth steel con- 
taining silicon (electric sheet). One grade of electric sheet 
contains 1 per cent silicon, or less; e.g., the armature^' grade 
contains about 0 4 per cent. Carbon, however, is kept as low 
as possible. From this it may be inferred correctly that iron- 
carbon alloys are not important magnetic materials; they are used, 
as has been stated, because of cheapness and ease of producing 
the required shape, usually in the form of cast iron, cast steel, 
or malleable iron. 

It is in the making of permanent magnets that carbon becomes 
a useful element, although plain carbon steels are seldom used 
for this purpose in modern times The best permanent-magnet 
steels are of the high-alloy type, consequently they are 
properly discussed in other monographs 

In brief, so far as magnetic properties are concerned of mate- 
rials for cores of transformers and rotating machinery, the less 
carbon the better Permanent-magnet steels require carbon 
but also substantial amounts of other elements. Therefore, 
from the practical point of view, there is little to be said about 
magnetic properties of iron-carbon alloys, except that they are 
inferior 

224. Ordinary Magnetic Properties of Iron-carbon Alloys. — 

Of the available data on magnetic properties of iron-carbon alloys, 
those supplied by Yensen^^^^^ arc best able to show the effect of 
carbon. Yensen^s alloys were vacuum melted; his materials were 
electrolytic iron and graphite This means that the data of 
Table 105 are not representative magnetic properties of com- 
mercial carbon steels, but they provide probably the best basis 
of comparison. The manner in which the properties of com- 
mercial alloys differ from those given in Table 105 will appear 
upon examination of specific properties. The reader is referred 
to Cleaves and Thompson and to Greiner, Marsh, and 
Stoughton^®^®^ for more complete discussion of the properties of 
magnetic materials. 

225. Saturation Magnetization of Iron-carbon Alloys. — Satura- 
tion magnetization of iron-carbon alloys was first reported by 
Hadfield and Hopkinson^^®^ and by Gumlich Decrease of 
value of saturation magnetizltt^h was found in both investiga- 



Table 105 — Magnetic Properties of Vacuum-melted Alloys of Electrolytic Iron and Graphite 


ELECTRIC AND MAGNETIC PROPERTIES 


595 



a 

S 


o 



CO 



o 




o 

a 


% 


lulity and induction To the original values of coercive force and hysteresis loss, 5 5 (3 •) per cent has been added 

* Yensen 

t Carbon content after annealing in vacuum at 900 to 935®C (1650 to 1715®F ) 

X Annealed in nitrogen 
§ These values are probably high (see p 596) 
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tions. These data and those of Yensen/i*^> Maurer and Schroe- 
ter/***> Stablein and Schroeter, <****’ Cheney/*'^** and Esser and 
Ostermann<®”> are summarized in Fig. 207. The points of 
Yensen are probably high (see Cleaves and Thompson, 
page 218). The points of Esser and Ostermann may be sus- 
pected also. Extrapolation of Gumlich’s high points (curve 
I) leads to the value 21,600 gausses for iron This is in agree- 
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Fig 207 — Effect of carbon on the saturation magnetization of iron 


24 


ment with the experimental value of Stablein and Schroeter 
for electrolytic iron Gumllch^s computed value of about 12,500 
gausses for cementite was also confirmed by Stablein and Schroe- 
ter, who found 12,400 gausses. Esser and Ostermann, however, 
reported 13,200 gausses. The scatter of the points of Cheney 
suggests that they are not to be given much weight. 

The broken line, marked III, of Fig. 207, represents the rule-of- 
mixtures values. It appears that such values, in the present 
state of knowledge, are as good as the observed values; conse- 
quently, saturation magnetization, 4^7 op, of iron-carbon alloys — 
at least up to 2 per cent carbon — is given by: 
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47r/oo = 21,600(1 - 0.15C) + 12,400(0,150) = 21,600 ~ 1,3800 

where 0 is weight percentage carbon. The factor 0.15 is neces- 
sary to convert percentage carbon to percentage cementite. 

Ourve II, which represents Gumlich^s data on alloys quenched 
from 850°O. (1560®F.), is given merely because such data have 
been used to estimate the fraction of austenite retained upon 
quenching; this is shown in Table 106, page 608. 

226. Magnetic Induction of Iron-carbon Alloys. — Oarbon 
decreases, for a given field strength, the induction of iron. The 
effect is especially noticeable in fields of low strength, as is 



Carbon, per cent 

Fiq, 208 — Magnetic induction of iron-carbon alloys. Curves indicate trends 

only 


indicated by the data of Fig. 208 for a field strength of 1 oersted; 
the effect is less marked at 100 oersteds. Of more interest, 
however, is the permeability. 

227. Maximum Permeability of Iron-carbon Alloys. — The high 
maximum permeability of purified iron (see Cleaves and Thomp- 
son, page 219) is reduced sharply by small additions of 
carbon; this is demonstrated in Fig. 209. The curve was drawn 
by giving most weight to the data of Yensen.^^^^^ It is to be 
seen that as little as 0.05 per cent carbon reduces maximum 
permeability to about 5000; the decline is less rapid with further 
increase of carbpn content, although the value is less than 1000 
for all carbon contents greater than about 0 7 per cent. Gum- 
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data are in good agreement with those of Yensen, espe- 
cially if the lower purity of the alloys of the former is considered. 
Cheney^s^®^^ data agree in trend but exhibit the scatter noticed 
upon examination of his data on other magnetic properties. 

228. Coercive Force and Residual Induction of Annealed 
Iron-carbon Alloys. — The main measurements of coercive force 
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Fig. 209 — Effect of carbon on the maximum permeability of iron. 

of iron-carbon alloys in the annealed condition were those of 
Gumlich^^^ and of Yensen. Yensen^s values for a given 
carbon content are consistently lower than those of Gumlich, as 
may be seen by inspection of Fig. 210. The points of Cheney^®^^ 
are scattered, and there seems no reason to give credence to the 
discontinuities indicated. It may be assumed that Yensen^s 
data represent the variation of coercive force with carbon content 
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of high-purity alloys of iron and carbon. It is to be seen that 
carbon in solution causes rapid increase of coercive force and 
that the increase beyond saturation is less rapid. Since Gum- 
lich^s alloys were commercial steels — consequently less pure than 
Yensen^s — it is to be concluded that other elements are capable of 
causing substantial increase of coercive force. 



Ccirbon,per cent 

Fiq. 210 — Effect of carbon on the coercive force of iron. 


Available data do not indicate a clear effect of carbon on 
residual induction. Yensen^s^^^^^ data for an induction of 10 
kilogausses indicate residual inductions of 6 to 8 kilogausses. 
Gumlich^s^^®’^’'^ data for commercial alloys magnetized to satura- 
tion are somewhat higher in value, mostly lying in the range 
from 10 to 11 kilogausses. 

229. Effect of. Impurities. — The principal investigations of the 
effect of impurities on the magnetic properties of iron were 
conducted by Yensen<s®i> and by Gumlich.^^^^ This information 
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has been summarized adequately by Cleaves and Thompson. 

In brief, small amounts of elements that enter the lattice of iron 
interstitially — such as carbon, nitrogen, and oxygen — and gener- 
ally the substitutional elements that decrease the temperature 
of As transformation — such as copper, manganese, and nickel — 
exert an injurious influence, as measured by permeability. Small 



Element, per cent 

Fig 211. — Effect of carbon, manganese, sulphur, and phosphorus on the hystere- 
sis loss of iron {Yensen 

amounts of substitutional elements that increase the temperature 
of As transformation (in general, the deoxidizers^^) — such as 
aluminum, silicon, and vanadium — exert a beneficial influence, 
as measured by permeability. The effect of the common 
impurities, as measured by hysteresis loss, as determined by 
Yensen,^®*^^ is shown in Fig. 211. The linear variation of 
hysteresis loss with carbon content, beyond 0.1 per cent carbon. 
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exists to at least 1 per cent carbon; at 1 per cent carbon, the 
hysteresis loss is about 16,700 ergs per cu. cm. per cycle. 

230. Effect of Grain Size and Thickness of Sample. — Infor- 
mation on the effect of grain size on the magnetic properties 
of iron has been summarized by Cleaves and Thompson. 

It is sufficient here to state that the weight of the evidence favors 
the conclusion that large-grained material conduces smaller 
hysteresis loss and greater permeability than small-grained 



Fig 212 — Change m maximum permeability (solid lines) and coercive force 
(dashed lines) of carbon steels with degree of cold work {Abegg c<*^)) 


material. In ordinary materials, however, the grain-size effect 
may be obscured by the influence of such factors as purity, size, 
or thermal history of the specimen. 

Difference of value of certain magnetic properties as a result 
of variation of thickness of specimen was found by Cioffi,^®^^^ 
Spooner, and Ruder. This effect appears to reduce to a 
matter of grain size or grain number; e.gf., Cioffi concluded that 
if the grains become so large, or if the specimen is so thin, that 
only a few grains occupy the cross-section perpendicular to jthe 
applied field, the flux distribution becomes non-uniform, with the 
result that the over-all permeability of the Specimen falls. 
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231. Effect of Cold Work on Magnetic Properties. — The 

permeability of iron-carbon alloys is reduced by cold work; 
the effect is most marked in low-carbon alloys and with weak 
fields. The effect of cold work on the maximum permeability 



Fig 213 — Change m maximum permeability of a 0 78 per cent carbon steel with 
degree of cold work (Mesakin 



Fig 214 — Change in coercive force and scleroscope hardness of a 0 78 per cent 
carbon steel with degree of cold work {Measkin (326)) 

of three steels is shown in Fig, 212 from Abegg.^^^^^ It is to be 
seen also that the decrease of permeability is accompanied by 
increase of coercive force. Similar results were found by 
Messkin/325) shown by Figs. 213 and 214. 
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Tempering temperature, deg F 
200 400 600 800 1000 1200 




Tempering temperature, deg C 

Fig 215 — Effect of tempering for 1 hr on the coercive force, residual induc- 
tion, and maximum permeability of a low-carbon steel water quenched from 
680°C (1250°F ) The effect of the cooling rate after tempering is also indi- 
cated {Kdster 



Fig 216 — Effect of carbon on (1) the increase in coercive force on tempering 

1 hr at 250®C (480°F ) and (2) the increase in tensile strength after storing 

2 weeks at room temperature, of steels previously water quenched from 680®C 
(1260«F.) (KOaterAW) 
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232. Effect of Aging. — The aging of low-carbon steel manifests 
itself by change of magnetic properties as well as change of 
mechanical properties This is illustrated by Figs. 215 and 216 
from Koster.^®^^^ In Fig. 215 are shown changes upon tempering 
of coercive force, residual induction, and maximum permeability 
of a quenched 0.08 per cent carbon steel. To be noted are: 
(1) the marked increase of coercive force and residual induction 
in the blue-heat region (about 250°C., 480°F ); and (2) the sharp 
decrease of maximum permeability in the 150 to 250°C. (300 to 
480°F.) range. In Fig 216 are shown coercive force and tensile 
strength as a function of carbon content. The steels were 
quenched from 680®C. (1255°F ), then tempered at 250°C 
(480°F.) for 1 hr , or stored at room temperature for 2 weeks 
(for tensile tests). The high-carbon alloys are evidently insensi- 
tive to aging. 

C. HIGH-CARBON ALLOYS: PERMANENT MAGNETS 

The essentials of a good permanent magnet are high residual 
induction, high coercive force, and permanence Magnetic 
hardness, which may be measured by coercive force, roughly 
parallels mechanical hardness; heat treatment is therefore 
necessary to obtain the greatest magnetic hardness However, 
the strained condition of untempered martensite and the tend- 
ency of carbon to precipitate from freshly tempered martensite 
make for lack of permanence of the magnet According to 
Spooner, the loss of strength by aging of a carbon-steel magnet 
may amount to as much as 40 per cent. Where permanence is 
essential, as in electric measuring devices, artificial seasoning 
treatments — often elaborate — are used. 

The usual permanent-magnet material, as was stated before, is 
alloy steel. The aim of alloy addition i. high coercive force 
without concomitant appreciable loss of residual induction A 
possible indication of Mathews^^^®^^ work is that retention of a 
certain amount of austenite is necessary in order to obtain the 
highest coercive force. 

A frequently used index of value of a permanent-magnet steel 
is the product of residual induction with coercive force {Br X He). 
However, the most favorable combination of residual induction 
and coercive force depends on the dimensions of the magnet. 
For example, according to Gumlich,^^^) if the form is a long. 
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straight rod, a nearly closed ring, or a horseshoe with a narrow 
gap, the best results are obtained with the lower carbon (hypoeu- 
tectoid) steels; in these forms the more important factor is high 
residual induction because the demagnetizing effect of the ends 
is small. If, on the contrary, the form is a short, stout rod or a 
horseshoe with a broad gap, the higher carbon (hypereutectoid) 
steels are preferred because of their higher coercive force. It 
has been accepted generally that a good permanent magnet 
should have a ratio of length to diameter of 25 to 30 

It is evident that the treatment of a permanent-magnet 
material is the opposite of that of 
core material. 

In some applications, cost is 
more important than good mag- 
netic properties. In this event, 
the expensive-but-good alloy 
steels may be supplanted by plain 
high-carbon steel or even cast 
iron. ^238) properties of 

annealed iron-carbon alloys have 
been reviewed briefly already; 
there remain for discussion proper- 
ties of alloys in other conditions of 
heat treatment and the properties of cast iron. 

233. Magnetic Properties of Annealed High-carbon Alloys. — 
For the purpose of comparison, some information on the proper- 
ties of annealed alloys is reported here. 

Of the two properties used in the customary index of value 
of a permatient-magnet steel — residual induction and coercive 
force — only coercive force increases appreciably with increased 
carbon content. The change of residual induction, if any, is 
not clear. Maximum permeability of hypereutectoid steels is 
less than 1000; the induction for maximum permeability, as may 
be seen from Fig. 217, is about 6500 gausses. 

234. Magnetic Properties of Quenched Iron-carbon Alloys.— 
The effect of quenching from Various temperatures on the mag- 
netic properties of a given alloy is shown vividly by SjovalFs^^^^^ 
hysteresis loops given in Fig 218 for a ball-bearing steel; these 
loops, however,, correctly portray the behavior of iron-calfbon 
alloys. It is to be seen that no appreciable change is effected 



Fig 217 — Variation of maximum 
permeability with carbon content 
for annealed steels {Gumlich (*«>) 
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if the quenching temperature is below that of transformation. 
If the quenching temperature is within the transformation range, 
coercive force is increased. Quenching from still higher tempera- 


Magne+izmg force,//, oersteds 



Fig 218 — Hysteresis curves of ball-bearing steel annealed and then water 
quenched from various temperatures {SjovaH 


tures results in the retention of austenite, consequently residual 
and maximum inductions are decreased 

Numerical values of coercive force and residual induction after 
quenching were given by Gumlich.^‘^^^ Some of these data are 
summarized in Figs. 219 and 220 In Fig 219 it is to be noted 



0 05 10 15 0 05 10 15 0 05 10 15 20 

C Cl r bon , pe r cent 


Fig 219 — Effect of carbon content on coercive force after hardening from 
A— 800°C. (1470°F), -gOO^C (1660°F.), and C— 1000°C (1830°F). 

that, for a quenching temperature of 800®C. (1470°F.), the 
coercive fo;*ce increases rapidly with carbon content to about 1 
per cent carbon, then remains constant. The reason for the 
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were 


12,000 


difference among the curves for the different quenching tempera- 
tures IS probably related to the amount of cementite dissolved 
and the amount of austenite retained, but there is no need here of 
detailed discussion. In Fig. 220 it is to be noted that the residual 
induction of alloys quenched from 900°C. (1650°F.) declines 
rapidly with increased carbon content. 

Gumhch^s^^s) saturation magnetization of quenched 

alloys were given in Fig. 207, page 596. Other data 

obtained by Maurer and Schroeter^^^i) 
during investigation of retention of austen- 
ite by quenching; these are repeated in 
Table 106. According to their data on 
0 95 per cent carbon steel, more austenite 
was retained by water quenching than by 
oil quenching. Tamaru and Sekito,^^®^^ 
however, reported that more austenite was 
retained by oil quenching of steels contain- 
ing 0 89 and 1 28 per cent carbon Thus, 
information which might be useful to the 
permanent-magnet maker is inconclusive. 

It IS clear, none the less, that the highest 
values of coercive force are to be obtained 
by quenching 

236. Magnetic Properties of Tempered 
Iron-carbon Alloys. — The effect of tempering on the magnetic 
properties of quenched iron-carbon alloys was determined by 
Cheney. According to Fig 221 the residual induction passed 
through a minimum for tempering temperatures between 100 and 
200°C (210 and 390°F.). The trend of coercive force, shown by 
Fig 222, was downward, although minima appeared for the higher 
carbon alloys at intermediate tempering temperatures; these 
seemingly corresponded to small maxima of the maximum- 
permeability curves (not reproduced here) . Results of Dowdelb^^^^ 



Carbon, per cent 

Fig 220 — Effect of 
carbon content on resid- 
ual induction after 
quenching from 900°C 
(1650°F ) {GunUtch C23)) 


indicate similar trends. 

236. Magnetic Properties of Cast and Malleable Irons. — 

According to Spooner, the maximum permeability of the cast 
iron ordinarily used in electric machinery is about 500 at an 
induction of 2 .to 5 kilogausses. The saturation induction is 
about 14 kilogausses. Malleable iron has magnetic properties 
better than those of cast iron, but not so good as those of cast 
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steel, for which saturation induction is about 21 kilogausses and 
maximum permeability is about 1500 at an induction of about 
7 kilogausses. Detailed information on the magnetic properties 


Table 106 — Amount of Retained Austenite in a Carbon and in a 
Chromium Steel after Water and Oil Quenching as 
Determined by Magnetic-saturation Measurement* 


Quenching medium 

Quenching 

temperature 

0 95 per cent car- 
bon steel 

0 93 per cent car- 
bon, 2 per 
cent chromium 
steel 

°C 

op 

42r/ 00, 

gausses 

Aus- 
tenite, t 
per cent 

4 ^/ 00 , 

gausses 

Aus- 
tenite, t 
per cent 

Water 

800 

1470 

17,990 

10 5 

17,860 

1 5 


900 

1650 

17,180 

14 5 

16,150 

11 0 


1000 

1830 

17,860 

11 5 

12,530 

31 0 


1100 

2010 

17,550 

13 0 

13,320 

26 5 


1200 

2190 

17,790 

11 5 

13,000 

28 5 

Oil 

800 

1470 

20,170 

0 

15,800 

13 0 


900 

1650 

20,180 

0 

14,750 

18 5 


1000 

1830 

20,150 

0 

11,780 

35 0 


1100 

2010 

20,120 

0 

11,840 

34 5 


1200 

2190 

19,550 

3 

11,920 

34 0 

Difference between 

800 

1470 

+2,180 


-2,060 


water and oil quench 

900 

1650 

+3,000 


-1,400 



1000 

1830 

+2,290 


- 750 



1100 

2010 

+2,570 


-1,480 



1200 

2190 

+ 1,760 


-1,080 


Annealed specimen 



20,150 


18,120 



♦ Maurer and Schroeter < 221 ) 

t — X 100 — per cent austenite, where a is the saturation value of annealed specimen, 
and b is the saturation value of tested specimen (quenched as shown) 


of cast iron was given by Partridge, concluded that 
cast iron is not necessarily so bad a magnetic material as was 
thought. Other conclusions of Partridge seem sufficiently 
important to quote in part; 

The highest magnetic induction and permeability are obtained with 
cast iron which has been annealed. 
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The annealing appears to be a very precarious operation. Very slow 
cooling through the transformation range is required. 

Carbon has a very marked influence on the magnetic properties. 
If present as graphite in the nodular form, high induction is obtained; 
if in the form of flakes, the specimen possesses low magnetic induction. 

Tempering temperature, deg F 
200 400 600 600 1000 1200 1400 



Fig 221 — Effect of tempering temperature on residual induction of four 
quenched carbon steels {Cheney (*2)) 

If the ground mass is ferrite, low hysteresis loss and high permeability 
appear to be fundamental properties of the matenal If the specimen 
has a pearlite matrix, it will also possess high hysteresis loss and com- 
paratively low permeability. 

Graphite does not affect the hysteresis loss, but prevents the attain- 
ment of very high magnetic induction. This is due to lack of magnetic 
continuity of the structure. This lack of continuity causes small 
demagnetizing forces to act within the specimen. . . . 

Some of Partridge^s data are reproduced in Table 107 for the 
purpose of indicating order of magnitudes. Maximum permea- 
bility in every instance was increased by annealing. 
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The foregoing conclusions of Partridge were confirmed in 
general by more recent work of Sohnchen^'^^^^ who found, with 


Tempering fempera+ure.deg F 
200 400 600 800 1000 1200 1400 



Fiq. 222 — Effect of tempering temperature on coercive force of four quenched 
carbon steels {Cheney. 


increased proportion of graphite — which corresponds to anneal- 
ing — increased maximum permeability and saturation mag- 


Table 107 . — Magnetic Propebties of Four Irons as Cast* 


Composition 

, per cent 

1 

Maxi- 

mum 

perme- 

ability 

Induction, 

kilo- 

gausses, 

for 

H = 100 

llesidual 

induc- 

tion, 

kilo- 

gausses 

Hysteresis loss 

Electric 

resistiv- 

ity, 

microhm- 

cm. 

Total 

carbon 

Graph- 

ite 

Si 

Mn 

Ergs per 
cu cm 
per cycle 

Watts 

per 

lb. 

2 77 

0 89 

0 6 

0 016 

■1 


6 03 

34,080 

21 0 

46 8 

2 79 

0 66 

0 81 

Trace 



4 73 

27,680 

16 76 

50 66 

3 11 

2 87 

1.43 

0 024 

■s 


6 12 

26,120 

16 44 

47 73 

2 95 

2 6 

1 97 

0 025 



6 52 

23,860 

14 9 

67 16 


* Partridge 
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netization and decreased coercive force. In general agreement 
with the statement on page 599, Sohnchen could find no clear 
relation between residual induction and graphite content. 


D. AUTHOR’S SUMMARY 

1. No attempt was made in preparing this chapter to be 
complete, either topically or bibliographically Emphasis was 
placed on a concise review of practical information; for this 
reason some information is given in this summary which does 
not appear in the preceding portion of the chapter. 

2 The only electric property of importance of iron-carbon 
alloys is resistivity The value of Cleaves and Thompson 
(page 587), for 20°C., of 9 8 microhm-cm for high-purity iron 
was selected, as was their value for the mean temperature 
coefficient, 0 0065 per deg. (No effort w^as made to report true 
coefficients, defined by a = IfRadRIdt ) This unusually high 
value, as compared with other metals, excepting nickel and 
cobalt, is undoubtedly to be ascribed to the ferromagnetism of 
iron. 

3. The electric resistivity of iron is increased by addition 
of carbon. Since the presence of other elements increases the 
resistivity also, only approximate values are of wide applicability, 
but such approximate values are sufficient for ordinary purposes. 
Other factors which affect resistivity are the form in which carbon 
is present and mechanical history of the specimen. A notion of 
order of magnitudes may be obtained from the following data, 
all for 20°C. and for material in the annealed condition: 


Material 

Low-carbon “ingot” iron 
Bessemer steel 
Cast (carbon) steel 
Malleable iron 
Special cast iron 
Ordinary cast iron 


Microhm-cm. 
10 7 

14 

15 
32 
50 

100 


The resistivity of open-hearth steel such as is used in electric 
apparatus depends mostly on the silicon content, since carbon is 
held low and nearly constant. 

4. Carbon steels and cast iron were once the only known 
magnetic materials suitable for construction of electric machin- 
ery. The displacement of carbon steel by silicon steel for trans- 
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former sheet did not begin until after 1900; eutectoid carbon 
steel was the only permanent-magnet material up to about 1910. 
Despite the discovery of better magnetic materials, however, 
carbon steels and cast irons are still used whenever their 
relatively low cost is sufficiently attractive; consequently the 
magnetic properties of iron-carbon alloys are still of practical 
interest. 

5. The saturation magnetization of iron-carbon alloys is 
decreased as their carbon content is increased; the decrease is 
about 1400 gausses for each 1 per cent carbon, up to at least 2 per 
cent carbon. This decrease — somewhat more than 6 per cent — 
is small as compared with the change of other properties upon 
addition of carbon. Maximum permeability, for example, is 
reduced from the hundreds of thousands to less than 1000 by the 
addition of 1 per cent carbon. The result is that magnetic 
induction of iron-carbon alloys is relatively small, especially m 
weak fields. The coercive force of iron-carbon alloys is increased 
rapidly by carbon in solution and less rapidly by carbon present 
as free cementite. The residual induction does not change 
markedly with change of carbon content, at least up to 2 per cent 
carbon. The hysteresis loss of iron is increased rapidly by the 
addition of carbon. Considered as an impurity, carbon is one 
of the elements most injurious to the magnetic properties of iron 
for all purposes except the making of permanent magnets. 

6. The effect of cold work on the magnetic properties of iron- 
carbon alloys is similar to its effect on iron, although the magni- 
tude of the effect may be less in the higher carbon alloys. In 
general, cold work decreases permeability and increases coercive 
force. If the best magnetic properties of a given steel are 
required, annealing after cold work, such as rolling, is necessary. 
Once the sheet is annealed, the usual rule operates: donT cold 
work it — even shearing reduces the permeability. The best 
possible magnetic properties of carbon steel are seldom required 
however. If this material is used because of its low cost, it 
is probable that no manufacturer can go to the expense of 
annealing after shearing or punching. 

7. Carbon, as was stated, becomes really useful in the making 
of permanent magnets. These can be and are made of heat- 
treated carbon steel, although the best permanent-magnet steels 
are of the high-allov type. 
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8. Carbon is useful also in cast and malleable irons, but for 
properties other than magnetic. Because of their low cost and 
ease of casting or machining to shape, these materials are often 
used in spite of their inferior magnetic properties. Furthermore, 
the high electric resistivity of cast iron is sometimes advantageous 
in that eddy-current loss in alternating-current machinery is 
less than it would be if some of the other materials were used. 

9. The mechano-, galvano-, and thermomagnetic effects in 
iron-carbon alloys are of little interest, consequently they may 
be discharged in short order. Magnetostriction is decreased by 
increased carbon content; ^.c., the maximum positive value of 
AZ/Z of 0.8 per cent carbon steel is about 0.5 X 10“®. The 
Villari point is displaced to higher field strength by increased 
carbon content. There is no information on the Wiedemann 
effect. Reported values of the Hall coefficient range from 
12 X 10~^ to 33 X 10~^ The Righi-Leduc coefficient of steel is 
somewhat larger than that of iron, as is the Ettmghausen coef- 
ficient. In general, the Thomson effect is the smaller the harder 
is the steel. There is no useful information on the Nernst effect 
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MISCELLANEOUS ENGINEERING PROPERTIES OF 
COMMERCIAL IRON-CARBON ALLOYS 

Hardnefib — Impact Resistance — Damping Properties — Deep-drawing 
Properties — Machinability — Wear Resistance — Weldability — A uthoPs 
Summary 

Most of the physical properties discussed in Chapter XV, for 
example modulus of elasticity, density, thermal expansion, and 
thermal conductivity, can be precisely measured and expressed 
in fundamental units which are clearly understood and uni- 
versally accepted. There are other properties of metallic 
materials which, although not capable of such precise measure- 
ment as the physical constants, are well understood and well 
standardized; tensile strength is a good example. 

There remains, however, a group of properties or qualities 
of steel, most of which are of paramount importance in some 
engineering applications, which cannot readily be expressed in 
definite terms or in terms of some well-standardized test. Among 
these, discussed in the present chapter, are hardness, impact 
resistance, damping, deep-drawing characteristics, machinability, 
wear resistance, and weldability. Furthermore, numerical 
values for these properties, where such values can be obtained, 
depend to a considerable extent on the testing method chosen: 
it often happens that an equally logical method of testing for one 
of these qualities will place the materials tested in a different 
order. Until these testing methods become more fully stand- 
ardized and their results become more definitely correlated with 
service tests, their evaluation is attended with such vagueness 
that reports of experimental work, to be intelligible, often need 
to be accompanied by complete descriptions of the methods used. 

A discussion of these qualities usually tends to become, despite 
all efforts to the contrary, a discussion of testing methods, which 
is not the purpose of this monograph. Without attempting to 
deal in detail with the intricacies of the testing problem, it seems 

614 
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necessary to make some mention of certain of these vague 
properties since the engineering choice of a steel of given carbon 
content or given structure, or the adoption of an alloy steel 
instead of a carbon steel, is often predicated on the degree to 
which one or more such properties may be present or lacking. 

A. HARDNESS 

It has been shown in previous chapters that valuable correla- 
tions exist between hardness and many other properties of steels. 
Tensile strength, endurance limit, machinability, wear resistance, 
etc , are dependent upon those inherent properties of which 
hardness is a measure. The process of work hardening and that 
of hardening by quenching and tempering, as well as that of 
precipitation hardening, as these terms indicate, produce changes 
whose outstanding effect is to modify the hardness of the initial 
material. 

237. Relation between Carbon Content, Brinell Hardness, and 
Other Properties. — That there should be a fairly direct correlation 
between indentation hardness, as measured by the Brinell num- 
ber, and tensile strength follows from the fact that most materials 
have rather similar s.trength characteristics in tension and 
compression; and Brinell hardness, being measured in terms of 
kilograms pressure per unit of indented area of the ball impres- 
sion, is, in fact, a compression value. 

The correlation has been discussed by a number of observers. 
Abbott summarized these relations for 5000 tests on 300 
different steels and found straight-line relationships, with lines 
of slightly different slope for different classes He concluded 
that a low- and a high-carbon steel, heat treated to the same 
strength, will have the same hardness. Greaves a^d Jones^^^^^ 
correlated a large number of values from their own experience 
and from previous literature and concluded that the ratio of 
tensile strength (in tons per sq. in.) to Brinell hardness was 0.23 
for normalized or annealed low-carbon steels, 0.22 for normalized 
or annealed medium-carbon steels, 0.215 for heat-treated carbon 
and alloy steels when the Brinell is below 250, and 0.21 for heat- 
treated alloy steels with Brinell values of 250 to 400. In United 
States units these- ratios (of tensile strength, in units of 1000 lb. 
per sq. in., to hardness) become 0.52, 0.50, 0.485, and 0.47. 
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gave ratios of 0.52 to 0.58 for low-carbon, 0.48 to 

0. 54 for medium-carbon, and 0.50 to 0.54 for high-carbon steels. 
Aitchison^®^> gave the ratio, in British units, as 0.22 to 0.24, 

1. €., 0.495 to 0.53 in United States units. stated 

that, in metric units, the ratio varies from 0.31 to 0.41, and that 
for medium-hard pearlitic carbon steels it is 0.36. These values 
correspond to 0.445 to 0.585 and 0.51 in United States units. 

The easily remembered ratio of 0.5 is a fair approximation for 
many purposes. Hoyt^^®^ pointed out that the ratio is subject 
to considerable fluctuation in cold-worked steels, and Greaves 
and Jones^^^®^ found that the ratio is dependent on the hardness 
and on the yield ratio. Since all steels of the same hardness do 
not have the same yield strength, the ratio depends to some extent 
upon composition and heat treatment. (Since, as has been shown 
in Chapter VII, gram size affects the yield ratio, grain size should 
be added to the list of variables.) ^^For a given class of steel,’' 
Greaves and Jones stated, ^Hhe ratio decreases with increase of 
yield ratio and also decreases with increase of hardness up to 
375 to 450, depending on the composition of the steel. In mate- 
rial of greater hardness, it rises again.” 

The approximate relation between Brinell hardness and 
tensile strength, as correlated from published and some unpub- 
lished data, is shown in Fig. 223 (page 619) and Table 108, 
page 620. In the latter, the ratio of tensile strength to Brinell 
varies from 0.477 to 0.485 for all of the values except the last two, 
in which case the ratio is almost exactly 0.5. 

238. Other Indentation-hardness Tests. — In other methods of 
determining indentation hardness a diamond ball, cone, or 
pyramid is used; in some, the depth of the indentation rather 
than the indented area is measured. Among the latter are the 
Rockwell, Monotron, and Vickers methods, which are used on 
materials so hard that the Brinell ball is likely to be deformed, 
where a Brinell impression would injure the appearance of the 
article tested, or where the hardness of a small area is desired. 
The most popular and widely used of these other indentation- 
hardness tests is the Rockwell. This test is rapid and con- 
venient; it measures the depth of a very small impression and, by 
employing steel balls of various diameters and a diamond cone, 
and by making use of various loads and several scales, it can be 
used on ferrous and non-ferrous materials of all degrees of hard- 
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ness. Methods of making these tests are described in the 
‘^Metals Handbook/'^*^^^ and the American Society for Test- 
ing Materials^®®®'^®^ has set up standards for Brinell and Rockwell 
testing. Cowdrey^*®®^ has described a mutual-indentation hard- 
ness test which gives Brinell-hardness values and requires no 
ball. Harder and Grove^®^^^ have applied this to high-tempera- 
ture hardness testing. 

Vickers diamond-pyramid values are usually reported in 
Brinell units, i.e., as Vickers Brinell.'^ 

239. Scleroscope and Herbert Hardness Tests. — The sclero- 
scope method, developed by Shore and based upon the rebound of 
a falling diamond-pointed weight, is applicable to hard materials 
like case-hardened steel but is not so satisfactory for very hard 
ones like nitrided steel. Scleroscope hardness is sometimes 
considered to reflect the yield strength of the material rather than 
its tensile strength. 

A ball hardness test in which a heavy frame, carrying a ball, 
is supported by the specimen to be tested and allowed to swing as 
a pendulum is applied in the Herbert^^®^^ hardness tester. The 
time of swing is measured and is supposed to give information 
on the rate of work hardening — machinability and the like. 
The apparatus is sensitive and somewhat difficult to handle, and 
curves of Herbert hardness versus other properties are liable to 
be very jagged and to indicate the presence of considerable 
experimental error in the average operation of the equipment. 
It has not come into wide use. 

240. Relation between Brinell and Other Hardness Tests and 
between Hardness and Tensile Strength. — Since most of the 
older hardness data are in Brinell units, it is important, for 
purposes of comparison, to know the relation between hardness 
values obtained in various ways. Much work has been done 
along this line. Wallichs and Schallbroch^®^®^ gave Brinell- 
Herbert relationships as: 

Brinell = 24 + 0.3057.2 

= 41 - 3.97d + 0.787^2 
== 239 - 177. + 0.527,2 
= 27 - 4.67d + 7^2 

where 7 is time hardness and 7 is induced hardness. The su 1 b- 
scripts s and d refer to steel and diamond balls. The work- 
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hardening factor of the Herbert test was found to have no 
relationship to Brinell hardness. 

A large number of investigators have studied the relation 
of the various hardness tests to each other. Among these 
may be mentioned Spalding/^^^ Cowdrey/^^^^ Brumfield/^^^^ 
Moore/^2^^ Heller/^^^ and Petrenko/^^^ Petrenko determined 
the theoretical and experimental relationships between Brinell 
numbers and Rockwell-hardness numbers obtained with the 
ball (100-kg. load; B scale), the 3^-in. ball (100-kg 
load; E scale), and with the diamond cone (150-kg. load; C scale). 
He plotted his results in a series of curves which indicate that 
conversion of the Rockwell values to Brinell may be made with 
an expected error not greater than 10 per cent. Conversion 
of Rockwell hardness to tensile strength may be made with an 
expected error not greater than 15 per cent. 

The work of all the investigators mentioned above was re- 
viewed by Sawin and Stachrowski,^^®^^ who determined Brinell, 
Vickers-Brinell, Monotron, and Rockwell diamond hardness 
values on a large number of standard steels and plotted their 
results and those of Hessenmuller^^’^^^ in a chart for practical 
use at the Skoda works. 

Sawin and Stachrowski summed up their results as follows: 

1. The Vickers diamond hardness-testing machine is well adapted for 
tests of hardened steel especially if the shape of the work is complicated 

2. The Rockwell machine has its place when work of simple shape 
has to be tested on a production basis. 

3. The Monotron machine may be of advantage when tests on a 
production basis have to be performed and at the same time the state 
of the surface has to be investigated. 

4. Brmell-hardness numbers up to 500, obtained with a 10-mm. ball 
and 3000-kg. load, and Monotron constant-diameter values show a 
linear relation with Vickers-hardness numbers. 

5. Rockwell C hardness numbers from 20 to 50 may be converted 
into Brinell-, Vickers-, and Monotron-hardness numbers. Outside of this 
range the conversion is not accurate as the relation between the Rock- 
well values and the other hardness values deviates from a straight line. 

The results of Sawin and Stachrowski also bring out that, even 
with the work-hardened Hultgren ball, Brinell values above 
500 are affected by deformation of the ball, which doubtless 
accounts for the failure of proportionality of Brinell and tensile 
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values at high hardness. Tungsten carbide balls are now 
available and in tests with these, or with the diamond indenters, 
the tensile-hardness relationship should probably follow the same 
curve as at lower hardness. 

The relation between hardness values obtained by the various 
methods, and the relation between hardness and tensile strength 



-lo 0 10 20 30 40 50 60 70 

Rockwell C hardness 

Fig 223 — Approximate relation between tensile strength and hardness deter- 
mined by various methods {French and Sands 


have been determine and reported by a number of investigators 
and tabulated in several handbooks. A typical chart of this 
relation, as prepared by French and Sands, is shown in Fig. 
223. Table 108 is a correlated summary of four published and 
two unpublished* tabulations. It is likely that the values 

* Unpublished data, obtained by checking a large number of actual hard- 
ness and tensile tests with data from the literature, were kindly supplied for 
this correlation by A P Spooner, Bethlehem Steel Company, and J. B. 
Johnson of U S Army Air Corps, Wright Field. 
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plotted in Fig. 223 are not quite so accurate as the ones given 
in Table 108, although the former are probably sufficiently 
accurate for practical purposes. It is characteristic of various 
published hardness tables that the conversion values for Brinell 
to Rockwell C hardness as reported by various investigators 
check with fair accuracy. There seems to be a wider variation 
in the conversion to scleroscope values; the widest variation, 


Table 108 — Conversion Table for Hardness and Tensile Strength 


Brinell, 3000 kg 

Rockwell 

C 

Sclero- 

scope 

Vickers 

Tensile 
strength, 
lb per 
sq in. 

Diameter of 
impression, 

mm. 

Number 

4 30 

197 

14 

28 

197 

95,000 

4 20 

207 

16 

30 

209 

100,000 

4 10 

217 

18 

32 

217 

105,000 

4 00 

229 

21 

34 

226 

110,000 

3 90 

241 

23 

35 

240 

116,000 

3 80 

255 

25 

36 

255 

122,000 

3 70 

269 

27 

38 

272 

129,000 

3 60 

‘ 285 

30 

40 

285 

136,000 

3 50 

302 

32 

i 

305 

144,000 

3 40 

321 

34 

45 

320 

153,000 

3 30 

341 

36 

48 

344 

164,000 

3 20 

363 

38 

50 

380 

175,000 

3 10 

388 

41 

53 

401 

187,000 

3 00 

415 

44 

57 

435 

200,000 

2 90 

444 

47 

61 

474 

216,000* 

2 80 

477 

49 

65 

534 

238,000* 

2 70 

514 

52 

69 

587 

260,000* 


♦ Uncertain 


however, is in the conversion from hardness to tensile strength. 
The tensile-strength values in the four published and the two 
unpublished tables mentioned on the previous page varied so 
widely for hardness below 197 and above 514 Brinell that no cor- 
relation could be made for Table 108. 

The relation shown in Fig. 223 and Table 108 is valid only for 
carbon and low-alloy steels; it is not valid for high-speed and 
other highly alloyed steels, for case-hardened materials, or for 
non-ferrous alloys. 
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The literature on hardness testing is extensive. O’Neill dealt 
with the subject in detail in a number of papers^^®^'^^®’^^^ and in a 
recent book;^^^®^ Hankins^*®^^ summarized the literature of the 
last decade; and Mellor’s^^^^^ discussion includes many recent 
references. 

This brief survey of indentation-hardness testing should not 
omit mention to Meyer’s work. In 1908, Meyer^^®^ reported 
the results of an investigation of the principles underlying the 
ball-indentation hardness (Brinell) test. He showed that, 
provided the loading was maintained long enough for equilibrium 
to be reached, the following relation is valid: 

P = ad^ 

where P is the load in kg., d is the diameter of the impression in 
mm., and a and n are constants for the material under test. 
Meyer showed that the resistance which a material offers to 
deformation varies with the degree of deformation, and cannot, 
therefore, be expressed by a single number. A single hardness 
value can be given only when it is qualified by a statement of the 
specific amount of deformation used in securing that value; it 
represents, therefore, only a single point on the hardness-strain 
curve. 

As the whole stress-strain curve in tensile testing is more 
valuable than a single point on the curve, so the whole hardness- 
strain curve is more valuable than a single Brinell number. By 
means of the Meyer formula the whole curve is known if the 
constants a and n are known. The distinction between the 
value of a single point and the whole curve is apparent if it 
becomes necessary to compare the indentation hardness of two 
different metals. Meyer showed that the hardness of soft iron, 
for example, is less than the hardness of copper for small indenta- 
tions; at an indentation value of d = 0.436 the two metals resist 
indentation equally well (are of the same hardness), but for 
larger indentations the iron is harder than the copper. This is 
due to differences in the hardenability or n values for the two 
metals. An excellent summary and discussion of Meyer’s work 
were given by Hoyt^^^®^ and more recently in O’Neill’s book.^^^®^ 
O’Neill gave references to many of Meyer’s investigations on the 
principles of hardness testing, reported since his original paper in 
1908. 
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241. Scratch-hardness Tests. — For cases where the hardness 
of microscopic areas is required, some modification of the old 
Turner-Martens sclerometer is used In this form of hardness 
determination a sharp point, as of a diamond, is drawn across 
the specimen under a definite load and the width of the scratch 
measured microscopically. The instrument mostly used for this 
purpose in the United States is the so-called ^^microcharacter,^' 
described by Bierbaum,^^^®^ who stated that there is no direct 
relationship between scratch hardness and indentation hardness 
since the indentation methods bring into consideration more than 
one microconstituent. He prefers to use the reciprocal of the 
square of the width of the scratch as the hardness number. 

Briggs and Williams found disadvantages in this method of 
recording the numbers and proposed to use the width in microns 
as the hardness number In their practice, the microcharacter is 
used with either a 3-g or a 6-g. weight on the diamond point 
which IS lubricated, preferably with a light machine oil. By 
calibration on single-phase materials of a range of hardness they 
found that straight-line calibration curves result from a com- 
parison of scratch width with Rockwell E and B s(;ales, when a 
3-g weight IS used, and with the Rockwell C scale, when a 6-g. 
weight IS used Such curves are . 

zero Re = 1007? = bMz 

zero Rb = 17ilf3, 1007?^ = 3.6Af3 

zero Rc = 12 6M(,; 657?c = 2ilf6 

Thus they were enabled to report their scratch-hardness values 
in terms of Rockwell hardness The equivalent Rockwell 
hardness of the ferrite constituent of pearlitic carbon steels, 
annealed and furnace cooled, was found to be as follows: 


Carbon, 

Equivalent 
Rockwell C 

Per Cent 

Hardness 

0 008 

11 1 

0 20 

14 6 

0 40 

17 8 

0 60 

20 2 


The American Society for Testing Materials reported 
the results of a cooperative investigation in which seven observers 
made scratch-hardness tests on the same series of specimens. 
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The results were erratic. The limitations of scratch-hardness 
testing are shown further by work recently reported by Scheil 
and Tonn.(^®^^ Cold working soft irons increased the Brinell 
hardness from 100 to 200 while the scratch-hardness values were 
hardly affected. In steels of varying carbon content, m the 
spheroidized condition, curves for Brinell and scratch hardness 
were parallel. When these steels were quenched from 1100°C. 
(2010°F ) and not tempered, the Brinell hardness increased 
with carbon content until the latter reached 1 per cent, 
above which, due to retained austenite, the hardness was lower. 
Scratch-hardness values increased with carbon content until 
the latter reached 0 7 per cent; beyond that percentage the 
scratch-hardness values remained the same. This method, 
thus, does not reveal the presence of retained austenite. Neither 
does it, according to Scheil and Tonn, reveal the same increase 
in hardness in precipitation-hardened alloys as is shown by 
the Brinell test From the scatter of points in Scheil and Tonn\s 
scratch-hardness curves it is apparent that this method is not 
reliable in determining the hardness of quenched high-carbon 
steels. 


B. IMPACT RESISTANCE 

Low-carbon steel may be so tough that it can be battered with 
a sledge without breaking; quenched high-carbon steel may be so 
brittle that it shatters when dropped. The elongation and reduc- 
tion of area in the static tensile test give a general idea of tough- 
ness versus brittleness, and the area under the static stress-strain 
curve gives an even better one But under some conditions a 
steel which would be classed as tough by static tests may, by 
other tests, be classed as brittle. 

It is well known that the way to break a tough metal is to 
notch it, thus concentrating the application of stress, and strike 
it a sharp blow. In service, stress concentration may occur at 
sharp reentrant angles or poor fillets resulting from improper 
design or from the exigencies of design; tool marks and other 
notches may also be present. In ’many types of service sudden 
shocks may be intentionally or accidentally applied. 

242. Relation between Notch Brittleness and Strength. — ^The 
effort to evaluate, the behavior of steel specimens in whirfi 
there is a concentration of stress has led to the study of notched 



624 


THE ALLOYS OF IRON AND CARBON 


bars in the static tensile test. made tests on 

a series of tensile bars, each with the same diameter but turned 
down with a V-groove to different depths so as to leave an 
increasingly smaller cross-section at the base of the notch. 
The flow of the metal above the yield strength is more and 
more restricted as the notch becomes deeper, and the tensile 
strength calculated on the minimum section is greater By 
plotting the data for different minimum sections, extrapolation 
may be made to a theoretical zero cross-section^^®^^ (see Fig 224). 
The tensile strength found by this extrapolation is termed 
‘^Trennfestigkeit^^ or technical cohesion strength. It is thought 



Fiq 224 — Representation of Kuntze’s method of determining technical cohesion 
strength (Trennfestigkeit) {Piwowaraky 

by Kuntze that this is a fundamental property of metals and 
that the ratio between it and the ordinary tensile strength on 
unnotched bars gives information on notch sensitivity. The 
method is in use at the Staatliches Materialpnifungsamt, 
Berlin-Dahlem, but has so far found relatively little use else- 
where; insufficient data are available to permit evaluating the 
behavior of carbon steels as a class by such a test. Very rapid 
loading is not used with this method. 

In the tensile-impact test, a notched or unnotched bar resem- 
bling the standard tensile specimen is used. The bar is broken by 
shock loading. Langenberg^®®^ has studied this test over a long 
period at Watertown Arsenal; but again, insufficient data are 
available for evaluating by its means the properties of carbon 
steels as a class. Mann,^®®^^ also at Watertown Arsenal, has 
carried Lanffenberc'e work farther and has investigated the effect 
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of variable speed upon the tensile-impact value. Mann believes 
that ^Hhe impact [tensile impact] at variable speeds, in combina- 
tion with the static-potential curve, should completely determine 
the dynamic and static properties from which subsequent 
behavior of a material under known service conditions can be 
definitely predicted.^' 

243. Single-blow Notched-bar Impact Testing. — Most impact 
testing is done by bending a notched bar or by breaking such a 
bar with a single blow applied transversely Various types of 
machines and specimens have been used, but little or no stand- 
ardization has been effected. In a symposium on impact testing 
held by the American Society for Testing Materials, it was 
concluded that values obtained by different types of machines 
are not comparable. Thus, an accurate comparison of the 
toughness of different materials as evaluated by different types of 
specimens is impossible. Although impact values are not 
accurate enough to detect slight differences in toughness, there is 
little difficulty in separating tough and brittle materials by any 
of the tests 

One of the weaknesses of the impact test has been that the 
same material would at times, and apparently under the same 
testing conditions, give duplicate values for impact resistance 
which showed wide variation This has led to considerable 
reflection upon the accuracy and value of single-blow notched-bar 
impact as a test for toughness. It has been found, however, that 
these erratic results are due to the material and not to the method 
of testing. 

Some materials may have two ranges of resistance to shock at 
a notch; in one, the range of high resistance, the fracture is 
fibrous, tensile deformation and plastic flow having occurred; 
in the other, the low range, the fracture is granular, and failure 
occurs by shear with little deformation. If a material is well 
above the dividing line between the ranges of high and low 
impact, values obtained on standard bars should show high 
impact resistance, and duplicate tests should check closely; if a 
material is of such character that it is well below the dividing 
line, the fracture is granular and the impact resistance is low. 
Duplicate tests should check closely. 

If, however, as* occasionally happens, a material is so con- 
stituted that it is on the dividing line between the high and the 
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low range, a slight increase in the speed of the blow, the sharpness 
of the notch, a change in the size of the section back of the notch, 
a slight variation in temperature, or in composition, or in heat 
treatment may radically affect the resulting impact value, or 
may even cause results to vary widely on apparently duplicate 
tests of the same material 

Fettweis^^®^^ made a very thorough study of the variables 
in the impact test and collected a bibliography of 700 references 



Impact, for the sharp notch, m-kg 

Fig 226 — Effect of rounding the base of the notch on impact resistance 

on the subject His Fig 225 shows the effect of a round versus 
a sharp notch. 

Dejean and Gerszonowicz^®®®^ recently summarized the subject 
of impact testing; Fig. 226 from their paper shows the effect of 
specimen size for a particular steel. In commenting on this 
section, A. P. Spooner* wrote that reference should be made to 
work now being done on correlating impact values, obtained on 
specimens of different size, with resistance to impact in actual 
service: 

It is felt by some that by varying the size of the specimen a measure 
of the ability of the steel to propagate sudden impact loads can be 
relatively determined. For example, if a specimen one-half the usual 
size has an impact value of 8 ft-lb., a normal-sized specimen 16 ft-lb., 

* Private communication. 
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and a double-sized specimen 32 ft-lb., the steel would be considered 
satisfactory. If, however, these values were, respectively, 12, 16, and 
17 ft-lb., it would be considered a poor material to withstand suddenly 
applied loads, especially if the section m service is not uniform. 

Spooner added that not enough work has been done as yet to 
prove or disprove conclusively this correlation. 

The size of the specimen is in practice fixed by the capacity 
of the impact machines available. Most of these have a capacity 



Fig 226 — Effect of width of specimens on impact resistance (Dejean and 

Gerszonowicz 

of 120 ft-lb., on which materials of the maximum toughness 
usually encountered can be broken if the specimens are notched 
bars 10 X 10 mm. sq , or of equivalent circular section before 
notching Larger machines are in use but are relatively rare. 

244. Izod and Charpy Impact. — The two most common meth- 
ods of impact testing, in the Charpy or the Izod machine, are so 
well known that only a brief r6sum6 of their respective advan- 
tages and disadvantages is justifie^l in this monograph. 

The Izod specimen, widely used in the United States^^^*'®^^^ 
and England,^®^^ is 10 X 10 mm. (0.394 X 0 394 in.) sq. with a 
45-deg. V-notch 2 mm. deep and having a radius of 0.26 mm. 
the bottom of the notch. The remaining cross-section is 10 X 
8 mm. Round Izod specimens with a notch of the same type are 
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also used. The specimen is gripped at one end and the free end 
struck by a swinging hammer. 

The Charpy specimen is supported at each end over a span 
in such a way that the notch is at the center of the span. On 
account of this method of support, it does not have to be gripped 
and may be very rapidly laid in place so that specimens heated 
or cooled for determination of impact resistance at other than 
room temperature may be tested easily without appreciable 
change in temperature. Thus the Charpy test avoids many 
difficulties of the Izod test when employed at other than room 
temperature. 

The radius at the base of the notch is an important factor 
The maintenance of notching tools, so that they give the standard 
notch, and the careful machining and checking of the finished 
specimens, are troublesome and costly. When a square bar is 
used for the Charpy test, the notch can be made comparatively 
easily by drilling and then making a saw cut into the hole, giving 
the ^^Mesnager^^ or ^^keyhole^^ notch. 

This has led to rather general preference for the square Charpy 
bar with the keyhole notch, though the V-notch is more severe 
and may therefore be chosen in particular instances. It some- 
times happens that a standard square Charpy bar cannot be 
machined from the material it is desired to study. A case in 
point is the determination of impact properties at room 
temperature on a 0.505-in.-diameter tensile bar after a creep 
test at elevated temperature, to show whether any embrittling 
action has occurred. In this case, the only standard bar which 
can be made from the material available is the round Izod 
specimen. 

The size of the drilled hole for the keyhole notch in the square 
Charpy bar varies in different countries; in the United States^*^^^ 
and in France^®^^^ it generally has a diameter of 2 mm (No. 47 
drill) It is located so that the remaining cross-section of the 
bar is 10 X 5 mm. The German Charpy specimen, with drilled 
or cut notch, usually has an effective cross-section of 10 X 7 mm. 

When the notch must be ground instead of drilled, as in very 
hard materials, the shallow notch has an advantage. An attempt 
to reconcile results of tests obtained with these different speci- 
mens is often made by reporting values in m-kg. per sq. cm. or 
ftdb. per sq. in, rather than in m-kg. or ft-lb. But since the 
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values from different bars are not interchangeable in this way, 
it is preferable to describe the bar and the notch and give the 
values in ft-lb. or m-kg, 

246. Value of the Single-blow Notched-bar Impact Test. — As 

has been stated before and will be emphasized again here, impact 
values obtained by the different machines are not comparable, 
nor can slight differences in toughness be detected by the usual 
impact test. Nevertheless, regardless of the difference in 
specimen or of the type of notch, and irrespective of the difference 
in units in which the impact value is reported, one is seldom in 
doubt whether the value obtained by the test represents a tough 
or a brittle steel Because of the limitations of the test, results 
are never used directly in design. As Greaves^*^^^ put it, the 
notched-bar test is an “exclusion test.’^ An impact value for a 
given class of steel for a particular service may be fixed on the 
basis of satisfactory experience. The exclusion of material not 
meeting that standard is a safeguard against failure that might 
be met were more notch-brittle material allowed. In investiga- 
tive work, the lesults are used for comparative purposes only, 
and in most cases the same comparison will result whether one 
or another type of bar is used 

The use of the single-blow impact test has increased greatly 
m recent years Makers of ordnance, automobiles, and aircraft 
have found that materials of good impact resistance in laboratory 
tests have given good service in applications involving shock 
loading Carefully made impact specimens should give results 
in satisfactory agreement if the material is not such as to be m 
a transition zone (see page 625). Lightner and Herty^®^^^ have 
even drawn conclusions from variations in impact values which 
most testing engineers would not so long ago have considered to 
be within the experimental error 

Cold working reduces the impact value The impact test is 
used, on specimens which have been moderately cold worked and 
aged, as a sensitive test for susceptibility to aging. It is used as a 
criterion of grain size and as a method of evaluation of temper 
brittleness, indicated by low impact values on slow cooling of 
some alloy steels after tempering. As this phenomenon is rarely 
encountered in plain carbon steels — although it is common fin 
some alloy steels, especially the nickel-chromium steels — it is 
not discussed here. 
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Davenport, Roff, and used very effectively single- 

blow impact on unnotched round bars to detect microscopic 
cracks in hardened steel and to trace the relation between these 
cracks and the austenitic grain size. 

246. Notched-bar Impact Tests of Carbon Steels. — In con- 
nection with the correlation of data on tensile properties in 
previous chapters, the effect of heat treatment, cold working, 
high and low temperatures, grain size, and other variables on the 
impact resistance has also been dealt with There are, however, 
a few more data from tests in which impact resistance was the 
only value determined. 

Korber and Pomp^^®^) made detailed studies of five carbon 
steels; four of them {A to D) were tested as rolled, as overheated 
for 2 hr. — to produce a large grain size [1250°C. (2280°F.) for 
the 0.06 per cent carbon steel and 1000°C. (1830®F.) for the 
others] — and furnace cooled, and after water quenching from 
above Az followed by tempering at 650®C. (1200°F.) and air 
cooling. A high-carbon steel {E) was tested as annealed^ ^ and 
after oil quenching from 780®C ( 1435°F.) followed by tempering 
at 650®C. (1200®F ) and air cooling. 

The impact tests were made on 15 X 15-mm. sq. Charpy 
specimens, using a 120-mm. span and a 3-mm. -diameter key- 
hole notch. The effective section back of the notch was 15 X 
8 mm. The steels used by Korber and Pomp had the following 
composition : 


Steel 

Composition, per cent 

C 

Mn 

Si 

S 

P 

A 


0 33 

0 02 

0 028 


B 

0 23 

0 73 

0 02 

0 040 


C 

0 40 

0 78 

0 17 

0 043 


D 

0 58 

0 72 

0 18 



E 

1 00 

0 34 

0 25 

0 021 



The room-temperature tensile and impact properties are 
shown in Fig. 227 and the elevated-temperature impact values, 
after the various treatments, in Figs. 228 to 232. 

It will be noted that the general trend for the impact resistance 
is to go down as the strength goes up. The impact is roughly 
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related to static ductility, but a variable such as grain size vastly 
affects the relation which would otherwise be expected. This 



Fig 227 — Tensile and impact properties, determined at room temperature, of 
five carbon steels (see page 630 for composition and treatment) as (1) rolled, 
(2) overheated, (3) water quenched and tempered, (4) annealed (Korber and 
Pomp 

has also been clearly brought out by the data of Herty and 
McBride discussed in Chapter XII. 

Epsteiii^®^^^ determined the impact resistance at temperatures 
between —80 and +800°C. ( — 110 and +1470®F ) of ingot iron 
and four low-carbon structural steels of the following analyses: 


Steel 

Composition, per cent 

C 

Mn 

S 

P 

Bessemer 

0 08 

0 47 

0 035 

0 102 

Open-hearth 

0 21 

0 37 

0 036 

0 008 

Duplex 

0 22 

0 54 

0 030 

0 017 

Izett 

0 13 

0 58 




Results are plotted in Fig. 233. 

Impact resistance is frequently used in an attempt to detect 
differences between steels made by various processes, and 
between ordinary low-carbon structural steels and such non- 
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aging materials as the Izett steel. Epstein's results on these 
steels are also discussed in Chapter XII. 

Testing femperoiture.cleg F 



Testing temper(3iture,cleg C 

Fig 228. — Effect of temperature on the impact resistance of steel A containing 
0 06 per cent carbon The arrows denote that the specimens bent but did not 
fracture completely; hence, true values may be somewhat higher than shown by 
the plotting points. {Kdrher and Pomp 

247. Impact Tests of Relatively Brittle Materials. — The most 
difficult problem in impact testmg is the evaluation of slight 
differences in toughness in brittle materials. The transverse 
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test shows such differences, when they are present in cast iron, 
by the values for deflection; the values obtained in a notched-bar 
impact test made in the usual manner are too small (a fraction of 
1 ft-lb.) to reveal these variations Likewise there are marked 
differences in the brittleness of high-carbon tool steels, as evi- 

Testing temperature, deg F 



Testing temperature, deg C 

Fig 229. — Same as Fig 228 for steel B containing 0 23 per cent carbon. (Kdrber 

and PompA^^^)) 

deneed from their behavior in service, which cannot be 'measured 
by single-blow notched-bar test^. 

The question of impact tests on cast iron has been considered 
in detail by a Committee of the American Society for Testing 
Materials, which concluded that a drop test on an unnotched 
1.20-in.-diametef bar, supported over a span of about 6 in., 
consistipg of dropping a hammer of nbout 25 lb. weight upon the 
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bar from heights which are increased by some constant increment, 
for example 1 in., until fracture occurs will probably be the 
best evaluation of toughness. The conclusions of the Committee 
on these drop tests and on the accuracy of the single-blow 

Testing temperoiture,deg F 



Tes+ingtempcroiture^cleg C 

Fig 230 — Same as Fig 228 for steel C containing 0 40 per cent carbon {Kdrher 
, and Pomp 

notched-bar impact test for determining the toughness of cast 
iron are given on page 298. 

Luerssen and Greene^®®^^ have developed a torsion-impact 
test for tool steels. Results of such tests on unnotched bars, 
compared with those obtained in standard Izod tests, on a steel of 
1.06 per cent carbon, 0.20 per cent manganese, 0.16 per cent 
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silicon, 0.01 per cent phosphorus, 0.012 per cent sulphur, 0.03 per 
cent chromium, and 0.04 per cent nickel are shown in Fig. 234. 

The test is so new that it is not yet certain whether the peak 
in toughness at a tempering temperature of 175®C. (350°P.), 
as indicated by the torsion-impact results, completely represents 
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Fig 231. — Same as Fig 228 for steel D containing 0 58 per cent carbon 

and Pomp 


{Kdrher 


the differences found in service or whether this, like the results 
of some other impact tests, is affected by variations in size and 
shape of the specimen and other variables. 

Scott^’'^^^ did not find this peak by the ordinary impact test, 
and Greene and Luerssen pointed out that it is detected only in 
unnotched specimens. Itihara^®®®^ has also devised a torsion- 
impact apparatus. 

248. Repeated Impact Tests. — Various forms of a repeated- 
impact test on notched bars and machines for making them, such 
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Testing temperature, deg F 
0 200 400 600 800 



Fig 232 — Same as Fig 228 for steel E containing 1 00 per cent carbon 

and Pomp 


(Kdrber 



Fio. 233 —Change m notched-bar impact resistance with temperature of ingot 
iron and low-carbon structural steel (Epstein 
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as the Stanton and Krupp machines, have been suggested. On 
the whole these tend to give much the same type of information 
as the single-blow impact test when the intensity of the blow 
is great enough to break the specimen in a few thousand blows. 
If it is low enough so that fracture occurs only after hundreds of 
thousands of blows, the information is of the same general nature 
as that obtained in endurance tests. Intermediate intensities. 


Tempering temperature, deg C 
0 100 200 300 400 



Fig 234 — Relation between Izod-impact and torsion-impact tests on 1 06 per 
cent carbon steel quenched in brine from 790®C (1460®F ) and tempered as 
shown (Luerasen and Greene 

producing fracture after 10,000 to 20,000 blows, give results 
difficult to interpret. The test has been found useful by some 
metallurgists but, on the whole, seems to be falling into disrepute 
and no useful purpose would be. served by assembling here such 
data as are available on carbon steels. 

C. DAMPING PROPERTIES 

Damping is tne aosorpiion or energy within a material. Were 
there no dissipation of this ^pergy, a tuning fork set to vibrating 
in a vacuum would continue to vibrate. The stress-strain dia- 
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gram within the elastic limit is not a single straight line but 
actually an hysteresis loop, whose width is a measure of the 
damping or dissipation constant of the material. Ordinarily 
this deviation from a straight line is so minute that stress-strain 
curves cannot be used practically to determine damping. Wal- 
ther^^®^^ pointed out that the amplitude of motion involved may 
be extremely small so that the actual energy loss is almost 
infinitesimal. An example cited by him relates to vibration 
under stated conditions of a lead bar, which reveals that damping 
is occurring, but the energy involved is so small that, if the bar 
were perfectly insulated, the vibration would have to be main- 
tained for 3 million years to raise the temperature of the bar 1®C. 
Yet the energy absorbed by lead is very high compared with other 
metals 

249. Damping Capacity. — Damping capacity, according to 
von Heydekampf,^^^®^ was defined in 1923 by 0. Foppl as ^Hhe 
amount of work dissipated into heat by a unit volume of the 
material during a completely reversed cycle of unit stress.^' 
It is measured in in-lb. per cu. in. (or cm-kg. per cu. cm ) per 
cycle For comparison of the damping capacity of various 
materials the specific damping capacity is used. This is the 
damping capacity divided by the potential energy at the maxi- 
mum stress of the cycle. The resulting value is a dimensionless 
quantity. 

Within the last 25 years damping, especially in connection with 
machine tools and internal-combustion engines, has received con- 
siderable attention In one of his papers von Heydekampf^'*®®> 
cited 38 references, most of them to reports by the Wohler 
Institute, where much of the research on this property has been 
done. 

The importance of damping capacity to engineers is obvious. 
For many industrial applications — ^for example a bed for a 
high-speed machine or a crankshaft for an internal-combustion 
engine — a material with high tensile strength but low damping 
capacity, which permits vibrations to build up to a high magni- 
tude, may fail much sooner than a material with low tensile 
strength but high capacity to ‘‘damp out'' vibration. 

Damping capacity may be measured by a number of methods. 
These have been reviewed briefly by von Heydekampf/^®*^^ The 
most common is the Foppl-Pertz machine, developed at the 
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Wohler Institute,* which measures free vibration damped only 
by the internal friction of the material. Typical curves, taken 
with this machine, of the damping capacity of cast iron, ball- 
bearing steel, non-ferrous alloys, and rubber are shown in Fig. 89, 
page 282. Pohl^®^^^ has also published damping curves for cast 

iron, carbon steel, and duralumin. 

By plotting the specific damping capacity, in per cent, against 
maximum torsional fiber stress, in lb. per sq in., a series of 
curves is obtained by which the relative ability of a material to 
damp out vibration can be determined. Von Heydekampf^^®®^ 
gave such curves for a number of ferrous, non-ferrous, and 
other materials. The composition of some of the ferrous 
materials used is as follows: 


Composition, per cent 


iVlHrK 

C 

Mn 

Si 

Ni 

Cr 

V 

Mo 

W 

Cast iron 

Pearl 

itic casi 

b iron 






Low carbon 

0 22 

0 04 

0 07 






High carbon 

0 93 

0 10 

1 0 11 






Ni-Cr-Mo 

0 16 

0 40 

0 15 

4 90 

1 90 


0 70 


Ni-Cr-1 

i 0 3 



4 2 

0 95 




Ni-Cr-2 

0 3 



4 2 

0 95 




Ni-Cr-W-Mo 

0 4 

0 45 

0 3 

1 2 5 

1 15 


0 25 

0 9 

Cr-V 

0 5 

0 6 

0 2 


1 05 

0 17 




The specific damping capacity for these materials is plotted 
in Fig. 235. It will be noted that the highest damping capacity 
is exhibited by the cast iron, and that low-carbon steel ranks 
next. Most of the alloy steels tested had a very low capacity 
to damp out vibration. The high damping capacity of cast iron 
and low-carbon steel (case-hardened) as compared with some 
alloy steels and with red brass is also shown by Fig. 129, page 406. 

260. Acoustic Properties of Carbon Steels. — The acoustic 
properties of a metal are closely related to the damping capacity; 
the duration of sound from, a vibrating body is that portion of a 
damping graph in which the vibrations are audible. The 

* The Foppl-Pertz machine has been described by a number of the 
authors given in von Heydekampf*s^*®*> bibliography A brief description 
also appears m Metals & Alloys^ v. 2, No. 2, 1931, p 28 
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acoustic properties of cast iron and carbon steels were studied by 
Robin 25 years ago, but relatively little attention was paid to 
his work and to its relation to damping until the last 10 or 12 
years. 



Fig. 235. — Relative damping characteristics of some commercial ferrous 
alloys Note change of scale at 10 per cent damping capacity See page 639 
for composition of materials. (After von Heydekampf.^*^^'>) 

Ilobin<“*> investigated the effect of elevated temperatures 
on the duration of sound caused by striking iron and steel bars 
15 mm. in diameter and 200 mm. long. Some of his results are 
shown in Figs. 236 and 237. The behavior of hardened steel is 
exemplified by Fig. 238 of a quenched and tempered eutectoid 
steel. The annealed specimens were “dead” at about 120®C. 
(250®F.) but became resonant again at higher temperatures, 
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while the hardened steel showed a curve of the same general 
slope only after tempering at 550®C. (1020®F.). The phenomena 
reported by Robin are difficult to correlate with other properties. 

Pomp and Zapp^®^^^ studied the acoustic properties of a series 
of quenched and tempered carbon-steel rods. Some of their 
results are shown in Figs. 239 and 240. They also determined the 
damping properties on a few specimens and correlated damping 



Fig 236 — Duration of sound in annealed steels containing 0 07 to 0 89 pei 
cent carbon Test specimens were 15 mm (0 59 in ) in diameter and 200 mm 
(7 87 in ) long and were suspended for 34 of their length 


with acoustic properties. It was found that the steels with the 
highest damping capacity made the poorest gongs. The sono- 
rousness and the damping were found to be related to the metal 
lographic structure and the internal stresses present. 

261. Relation of Damping to Stracture. — Hempel and Plock^*®" 
made tensile, endurance, and damping tests on a series of car 
bon steels. The damping was determined by varying th( 
amplitude and plotting this, expressed in percentage, againsi 
the logarithmic' decrement. This latter value is a measure oi 
the rate at which vibration dies down; an increasing logarithmh 
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decrement indicates an increasing damping capacity. No 
definite relation between carbon content and damping capacity 
was found. 

To determine the effect of structure, two steels containing 
0.39 and 0.77 per cent carbon were used. These were treated 
so that various structures were obtained, including completely 
troostitic, sorbitic, and lamellar pearlitic structures. In general 
it was found that the specimens having structures corresponding 



Fig 237. — Same as Fig 236 for A — 1 2 per cent carbon steel, B — white cast 
iron, and C — gray cast iron 


to high static strength also had high endurance (alternate ten- 
sion and compression) and low damping capacity. Hempel and 
Flock’s values for the 0.39 per cent carbon steel are reproduced in 
Fig. 241. Troostite has the lowest damping capacity; further- 
more, the damping capacity of a steel which is wholly troostitic 
changes but slightly as the amplitude increases. The superiority 
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of the pearlitic structure in damping out vibration becomes more 
clearly apparent as the amplitude increases. 

This investigation is further confirmation that, in general, 
coarse-grained low-strength steels are more suitable for applica- 
tions in which rapid damping of vibration is important. 

262. Relation of Damping to Other Properties. — Von Heyde- 
kampf^^^®^ has shown that the damping capacity is reflected with 


Temperciture^deg F 



Tempera-fure^deg C 

Fig 238 — Same as Fig 236 for 0 89 per cent carbon steel, quenched from 900°C 
(1660°F ) and tempered as indicated on curves. {Rohm 

fair accuracy in the hysteresis curve of the reversed-bend test. 
Thus it will vary as the plastic deformation varies. This in 
turn varies inversely with the relative modulus of elasticity. 
In other words, the stiffer the material the lower its damping 
capacity. 

In none of the work at the Wohler Institute, reviewed by 
von Heydekampf, has any direct relation been detected between 
damping capacity and fatigue. Damping curves show no knee^' 
or other irregularity which indicates a fatigue limit. Thus, 
damping tests cannot be used as reliable short-time fatigue tests. 
(This is discussed briefly on page 406 "I On the other hand, a 





0 02 0.4 06 08 I 

Carbon, per cent 

Fig. 240. — Effect of carbon content on the duration of sound in quenched and 
quenched and tempered carbon steels. {Pomp and 
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damping curve is a sort of stress-strain diagram but is much more 
accurate than the ordinary static stress-strain plot and measures 
extremely small amounts of non-elastic deformation, much smal- 
ler than can be measured by the ordinary extensometer. From 
the curves shown in Fig. 235 it is evident that there is no true 
proportional limit. Damping tests, therefore, again confirm 
the fact that Hooke’s law is only an approximation. 



Fig. 241. — Effect of structure on the damping capacity of a 0 4 per cent carbon 
steel {Hempd and Plock 

Von Heydekampf believes that damping values can be coordi- 
nated with fatigue strength in the same way that elongation is 
coordinated with tensile strength. As elongation is a measure of 
static ductility, so damping may be made a measure of dynamic 
ductility Thus, chromium-vanadium steel, having low damping 
capacity (Fig. 235), is dynamically brittle, while cast iron, a 
statically brittle material, is dynamically ductile. 

There may be a fairly close relationship evolved between 
notched-bar impact resistance and damping capacity. Accord- 
ing to von Heydekampf, 

damping capacity seems to be related to the ^‘tenderness” effect. In 
other words, a material of higher damping capacity is less sensitive to 
the influence of surface notches or sudden changes in cross-section, 
which strongly affect the fatigue strength of dynamically brittle mate- 
rials. Materials having high damping values are able to be deformed 
to a higher degree than Hooke’s law predicts without being damaged. 
In this way stress raisers may be compensated for by internal yielding, 
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the amount of which is measured by the damping capacity. ... It 
also seems probable that plastic action, causing the damping effect, 
may be related to the creep phenomenon. 

Moore, as stated on page 401, has termed the property by 
which a material can deform slightly at a locus of high stress, as 
at the base of a notch or crack, and can thus distribute the stress 
and decrease its peak value, as cracklcss plasticity Such a 
material is resistant to the propagation of a notch. Moore 
pointed out the relation between crackless plasticity and damping 
capacity and commented that very pure metals and very fine- 
grained metals and alloys are most sensitive to the effect of 
notches. The high strength obtainable in heat-treated alloy 
steels, or in high-carbon steels like spring steels, may be obtained 
at such a sacrifice in damping power and crackless plasticity as 
to make them less useful than weaker carbon steels for service 
under concentrated or repeated stresses in notched parts. 

The variations in elastic properties and in local plasticity 
are still too poorly understood to enable one to state their exact 
relationship to composition and structure. When they are better 
understood, it may become evident that carbon steels properly 
made and treated to develop the desired degree of these proper- 
ties will serve for some purposes for which alloy steels are now 
chosen 


D. DEEP-DRAWING PROPERTIES 

The ability to withstand local deformation and the tendency 
toward work hardening upon deformation are important factors 
m the evaluation of materials for deep drawing, stamping, press- 
ing, and bending. Beside many smaller articles, automobile 
body and fender stock requires good deep-drawing properties. 
The relation between the structure of carbon steels and deep- 
drawing properties is discussed by Epstein in Volume I, Chapter 
VIII, of this monograph. 

263. Requirements of a Steel for Deep Drawing. — In a steel 
for deep drawing it is usually desired not only that the material 
withstand severe deformation without too frequent anneals, but 
also that the surface remain smooth, without ‘^stretcher strain- 
ing’^ or production of an orange peel” surface (see Volume I, 
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pages 274, 276, and 393). Deep-drawn objects seldom require 
high strength so that the properties which control formability 
are usually much more important than those of the finished 
piece after forming. Excepting stainless steels, practically all 
deep-drawn objects are galvanized, tinned, painted, lacquered, 
or enameled and are made of plain low-carbon basic open-hearth 
rimmed steel. The use of specially killed steels to avoid aging 
has been discussed in Volume I, Chapter XII. Ingot iron of 
about 0.02 per cent carbon is widely used, especially where the 
drawn objects are to be vitreous enameled; on the other hand, 
the carbon may sometimes be as high as 0 15 per cent, but 
about 0.05 to 0.10 per cent is probably the most common composi- 
tion. The steel is melted and processed with great care, and 
much attention is paid to the control of grain size by careful box 
annealing or, recently and now very commonly, by normalizing, 
as is discussed by Epstein in Volume I, Chapter IX, of this 
monograph. 

The evaluation of the suitability of deep-drawing sheet or 
strip for a given forming operation is a difficult matter, and 
it is not always feasible to establish the properties of a given 
lot of material in the laboratory and be certain that it can be 
formed readily into a given object or a given die without undue 
breakage. The user desires to get along with as few intermediate 
annealing operations as possible and hence arranges his practice 
for progressive deformation in different dies, clearance between 
punch and die, hold-down pressure, etc., so as practically to 
exhaust the ductility of good material before annealing; material 
which falls a little short of that ductility may show excessive 
breakage. The variables in the drawing process may be so 
different in two plants making identical objects that steel which 
is entirely satisfactory in one plant may be unsatisfactory in 
another. 

264. Cupping Tests. — Many efforts have been made to evalu- 
ate the properties required of steel for deep drawing. The type 
of ductility needed, ability for, large local deformation, would 
probably be indicated to some extent by reduction of area in a 
static tensile test, but this is very difficult to determine with 
accuracy on thin sheet. The tensile test does give useful infornja- 
tion on the location of the 3rield strength and the rate of hardening 
under cold work, and also shows variations in properties in the 
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longitudinal and transverse directions. The tests chiefly relied 
upon are Rockwell-hardness testing, metallographic examination 
for grain size, and an Erichsen,* Olsen,* or Wazau cupping test in 
which a ball is pressed into the sheet which is held at the circum- 
ference. The depth of cup, and sometimes the pressure, when 
fracture occurs, are measured. Other shapes of plungers, or even 
hydraulic pressure, are sometimes used. Such tests are thought 
to simulate to a fair degree the deformation in deep drawing, 
but the correlation is far from exact. One important feature of 
the test is the observation of the smoothness of the surface after 
deformation. The Erichsen test is quite generally used in Ger- 
many for evaluation of deep-drawing properties, as is evidenced 
by articles by Marke^®^®^ and by Pomp and Walther,^^®^) 
work is under way to devise a better test. The Olsen test is 
used most frequently in the United States. 

Sachs^^®^^ recently modified the Erichsen test by the use of a 
cone-shaped plunger, in order to produce deformation more 
analogous to the reduction of area in a tensile test, instead of the 
standard plunger, which is thought to evaluate a type of ductility 
more analogous to elongation in the tensile test. 

Siebel and suggested the use of a test specimen 

with a hole in it; a flat punch comes down over a larger area than 
the hole, punching out a cup and enlarging the hole till fracture 
occurs somewhere in the circumference of the hole. 

266. Other Tests for Deep-drawing Properties. — Sachs^^®®^ 
proposed to draw a specimen cut in a wedge shape through a die 
of the same shape so that the upper part of the wedge, supported 
on all sides by the die, must either pull through the die or break 
off. The length of the wedge which will just pull through is 
taken as a criterion of suitability for deep drawing. 

Tensile impact tests have been suggested since the drawing 
operation is usually a very rapid one and plastic flow is known to 
be affected by the time factor. Much of the literature to 1931 
dealing with tests of material for deep drawing has been sum- 
marized by Gillett.^^®®^ 

Eksergian, in discussion of Gillettes correlated abstract, 
pointed out that in deep drawing the general elongation, the 
localized ductility, the compression yield point, the tensile yield 
strength and tensile strength are all factors which must be 

♦ Described m ** Metals Handbook."<®*‘> 
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considered; but the weight which should be, given to these factors 
differs in the deformation of different objects; consequently, 
unless a laboratory test happens to provide the proper weighting, 
its correlation with performance in the shop will be poor. Before 
a material can be evaluated for its suitability for being drawn into 
a specified shape the critical factors of the particular deformation 
required in that drawing operation must be worked out and a 
test devised to include and weight properly all of these factors; 
otherwise, the different factors must be evaluated by a number 
of tests. There appears to be no one criterion for general 
suitability for drawing; hence, to compare accurately the draw- 
ability^^ of an alloy steel with that of a carbon steel or of carbon 
steels with different carbon percentages, the comparison should 
be made on the basis of actual service performance in drawing a 
given part in a given die. 

266. Olsen Ductility Tests on Low-carbon Deep-drawing 
Sheet. — The investigation of Nead, Mahlie, and Dittrich, 
which IS discussed in detail on pages 101 to 104 and 135 to 138, 
also included Olsen ductility tests. For these tests, two speci- 
mens were cut from the center of each sheet. Impressions were 
made with a 1-in. die and the values averaged. The results 
were reported as the deviation, in thousandths of an inch, from 
the Inland Steel Company's standard, which is the amount of 
draw, in thousandths of an inch, for annealed sheet of gages vary- 
ing from 0.01 to 0.11 in. of thickness. Some of the data are 
given in Table 109. 

The conclusions from these results and from other data 
obtained by Nead and his associates are as follows: 

1. There is little choice in drawing quality between strip flat rolled 
with finishing temperatures of 790 or 880°C. (1450 or 1615°F.). Strip 
finished at 730°C. (1345°F.) gave sheets of consistently poor ductility 
for all degrees of cold reductions. With high amounts of cold reduction, 
strip finished at 790°C. (1450°F.) gave the most ductile sheet. 

2. The best deep-drawing properties result from box annealing with 
a sheet temperature of 705®C. (1300°F.). The results are especially 
good after high reductions by cold rolling. 

3. Normalizing and box annealing at 650®C. (1200®F.) gave Olsen 
values consistently above standard at all reductions, with practically 
no loss in ductility for percentages of cold reduction in the critical strain- 
ing range. 
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4. Annealing at 760°C. (1400®F.) gave considerably poorer ^results 
for all reductions than annealing at 705°C. (1300°F.). Annealing at 
595®C. ^IIOO^F.) gave poorer results than annealing at 650°C. (1200°F ), 
except after high cold reductions 

5. The results of the tests on the strip finished at 730°C. (1345®F.) 
indicate that low finishing temperatures should be avoided on low- 
carbon strip to be cold rolled and annealed for deep-drawing sheet. 

6. Decreases in ductility in the critical-strain range (5 to 20 per cent 
cold reduction) were marked, especially after annealing at 595 and 650®C. 
(1100 and 1200®F.). Higher annealing temperatures did not cause such 
a marked loss of ductility. 

Table 109 — Effect of Finishing Temperatures in Hot Working and 
OF Annealing Practice on the Olsen Ductility (Expressed as 
Deviation in Thousandths of an Inch from Inland Steel 
Company’s Standard for Annealed Sheet) of 
Flat-rolled Low-carbon Sheet* 


Annealing 

Finishing temperature 

Finishing temperature 

Finishing temperature 

temperature 

730®C (1346°F) 

790®C (1450®F) 

880®C (1615®F) 


Amount of cold reduction t before annealing, per cent 




10 

26 

60 

65 

10 

25 

60 

66 

10 

26 

60 

66 

Cold rolled 

-100 

-130 



-63 


110 

-142 


-80 


130 



696 

1100 

- 30 

- 6 

-18 

-20 

-34 

+ 

2 

- 7 

+ 10 

-38 

- 

6 

-20 

+27 

660 

1200 

- 10 

- 4 

- 8 

-12 

-26 

+ 

8 

- 16 

+ 6 

-27 


0 

-12 

+ 7 

706 

1300 

- 11 

+ 2 

4- a 

+ 13 

- 6 

+ 

26 

+ 30 

+ 60 

+ 16 

+ 

15 

+ 14 

+22 

760 

1400 

- 12 

- 14 

+ 5j 

+ 12 

- 7 

+ 

16 

+ 6 

+ 35 

-16 

+ 

8 

+ 6 

+37 

980t 

1800t 

- 17 

- 30 

-26 

- 3 

- 6 

- 

2 

- 10 

+ 20 

+ 8 

+ 

3 

+ 2 

+ 10 

980 § 

8 

00 

+ 22 

-H 20 

+26 

+ 20 

+ 8 

+ 

17 

+ 6 

+ 2 

+ 1| 

+ 

10 

+ 7 

+ 16 


* Nead and associates 

t Size of hot-rolled strip before cold rolling, 0 08 in 
t Normalized 

§ Normalized and box annealed at 650°C (1200°F ) 

The relation between tensile properties and ductility (measured 
by the Olsen test) and the effect of variations in mill practice on 
these properties may be established by comparing the data and 
conclusions given on pages 101 to 104 and 135 to 138 with those 
given in this section 


E. MACHINABILITY 

The status of refined tests to evaluate machinability of steels 
is much the same as in testing deep-drawing properties. All 
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machining processes remove material as chips, turnings, etc., 
but they do so in various ways; consequently, a series of steels 
which fall in one order of machinability for rough turning may 
fall in an entirely different order for finish turning or for drilling, 
planing, milling, broaching, etc. 

267. Criteria of Machinability. — The cutting tool must pene- 
trate below the surface to remove metal, so that indentation 
hardness is the first rough criterion of machinability. A hardness 
of 270 Brinell is often quoted as the practical limit of machin- 
ability, but with the introduction of superior high-speed steel and 
tungsten-carbide tools this limit is often exceeded before recourse 
must be had to shaping the finished section by grinding. 

After the tool has penetrated, the chip must be torn off, rather 
than cut off, since in general the separation of metal is in advance 
of the tool, the tool wedging and prying off the chip. Hence, 
the strength and toughness of the steel, the microscopic structure 
and grain size are of importance as well as the hardness. Rela- 
tively weak and brittle materials machine better than strong 
and tough ones. A soft ‘^guinmy^^ material may be prone to 
weld to the tool and to tear, leaving a rough-machined surface. 
Heyn,^^^®^ who described the effect of both hardness and work- 
ability or toughness m the removal of a chip, stated that in steel 
for automatic machines a minimum of 200 Brinell may be 
specified since material of lower hardness is less readily cut. 

In the annealed condition, the softer, weaker steels tend to 
machine more easily than stronger ones, so that, broadly speak- 
ing, the higher is the carbon the more difficult is the steel to 
machine. In quenched and tempered steels, the further the 
tempering has proceeded, the easier — ^in general — ^is the machin- 
ing; a completely spheroidized material often shows the best 
machinability, although in some cases the retention of some 
unspheroidized pearlite islands, to serve as more brittle stepping 
stones for the advancement of the cut, gives better results than a 
complete ferrite matrix with only globular cementite. 

The criterion of machinability onay be the rate at which metal 
can be hogged off in a roughing cut, the energy required to 
remove the chip, the wear of a tool as registered by a trailer tool, 
the length of time a standard tool will cut without being resharp- 
ened, the temperature of the chip on the tool tip, the smoothness 
of the finish obtained in a fine finishing cut, or others. 
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268. Variables Affecting Machinability. — In any given type of 
machining the nature of the tool, the angle and rake of the tool, 
the lubricant or coolant, the speed, feed, and depth of cut are 
variables which are just as important as the nature of the material 
being cut. 


Tensile strength, thou scind lb persg fn 
0 20 40 60 80 100 120 140 



Tensile strength, kg. per sq mm 


Fig 242 — Relation of cutting speed for 1-hr tool life to tensile strength for cuts 
of 2- and 4-mm depth (Wallichs and Dabringhaua 


There is an extensive literature of machining and machin- 
ability. The American Society of Mechanical Engineers pub- 
lished a bibliography complete to 1930, compiled by Professor 
Boston of the University of Michigan. This has been extended 
recently to 1934 . Much of the literature refers to factors 
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other than the material cut. For example, Vanick and Wick- 
enden^^^^^ pointed out that there is a critical range of volume- 
removal rate within which a poor finish is obtained, but on either 
side of which the finish is satisfactory. 

Differences in tool shape, and in speed an|^ feed, and in type 
of machining operation cause large differences in the results. 
Boston^^®®^ showed that no accurate conclusions on one type of 
machining can be drawn from results obtained on another type. 
Palmer^^^®^ pointed out that for producing the same finished 



Carbon, per cent 

Fio 243 — Effect of carbon content of the steel cut upon the work hardening of 
the surface with different areas of cuts {Dxggea 

part, one shop will want high-carbon steel in a fully spheroidized 
condition, another with a structure of laminated pearlite, and 
another with a structure in an intermediate condition. He 
suggested cold working the surface of a low-carbon steel, as by 
cold drawing, to produce some loss of toughness even at the 
expense of greater hardness. McMullan^®*^^ concluded that 
the more readily machinable metal is one that is both soft and 
brittle. Bleakney^^^®^ advocated avoidance of alumina and 
hard silicate inclusions, which wear the tool, and expressed 
preference for a pearlitic steel because it has less ductility than 
one fully spheroidized. 

Wallichs and Dabringhaus^^^i) concluded that for turning, 
under the particular range- pf test conditions they used, the 
tensile strength or hardness is the main variable. Figure 242, 
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the forgings were cooled in air with the exception of 51D, which was cooled slowly in the furnace 
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for a series of carbon and alloy steels, is from their paper. Dig- 
g0g(447) included in a series of alloy steels one carbon steel of 
0.42 per cent carbon, 0.19 per cent silicon, 0.65 per cent manga- 
nese, 0.02 per cent phosphorus, 0.015 per cent silicon, which he 
found more difficult to machine than several of the alloy steels, 
and to give inferior surface finish, though this was improved by 
partial spheroidization. The heat treatments and the machin- 
ing-test data are given in Tables 110 and 111. 

The carbon content has a marked effect upon the work harden- 
ing of the metal not removed, yet affected, by the cut. Figure 


Table 111 — Summary of Lathe Tests* on 0 42 Per Cent 

Carbon, 0 65 Per Cent Manganese (1040) Steel at 0 0115 In 
PER Revolution Feed and 0 010 In Depth of Cut 


Forging 

number 

Tensile 
strength, 
lb per 
sq in 

Cutting 
speed, ft 
per mm 

Number 
of tests 
made 

Average 
tool life, 
mm 

Taylor 
speed, t ft 
per mm 

51 

123,600 

180 

8 * 

10 5 

169 

5U 

111,800 

1 200 

8 ' 

7 4 

181 

51B 

95,700 

250 

7 1 

17 1 

246 

51C 

87,500 

310 

8 

19 9 

310 

51D 

78,000 

325 

8 

12 0 

310 


* The lathe tests were made dry with the same lot of high-speed tool steel 
t Computed from the average tool life by means of equation FT" = FoITo** = c, m which 
V = cutting speed, ft per mm , T = tool life, min , =» 20 mm , Fo == Taylor speed, t e , 

the speed which would give a tool life of 20 mm , c »» a constant for the metal (with specified 
heat treatment) which is being cut, n = a constant experimentally determined by varying F 

243 from Digges^^^®^ shows this. The rate at which a material 
work-hardens doubtless affects the machining process, a rapid 
rate of work hardening probably facilitating it in the case of a 
material which is too tough and rendering it more difficult in the 
case of one already near the limit of hardness. 

269. Tests of Free-cutting Carbon Steels. — The effort to 
evaluate machmability has led to the development of many 
methods of testing, among thei^ a pendulum cutter test, some- 
what analogous to a pendulum impact test,^^^^^ and many more 
complex tests. Such tests and simulated service, e.gf., setting 
up a screw machine for experimental use, have been especially 
applied to the effort of evaluating low-carbon, high-sulphur, high- 
phosphorus free-cutting (screw-stock) steels produced to meet 
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the requirements laid down by Palmer, that a free-machining 
material should be both soft and brittle. 

Wallichs and Opitz^^24) examined many free-cutting steels 
and concluded that no relationships can be shown between 
machinability and strength, chemical composition, or structure of 
cold-drawn screw stock. In a given series of steels, the order for 
ease of cutting is not the same as for good finish. Graham^^®^^ 
concluded that no test method has yet evaluated the difference 
in machinability of different screw stocks. Boston^^^^ studied 
a series of screw stock and commented on the poor correlation 
between laboratory-test results and other properties of the 
steels, and Davis, in discussion, remarked that two screw stocks 
which were scarcely discernible on the basis of Professor Boston^s 
tests nevertheless differed by 100 per cent in actual production. 

Thus only a rough estimate of machinability can be made from 
the hardness or static properties of steels, and the effect of 
composition and structure, admittedly of influence, cannot yet 
be broadly evaluated save in terms of performance under speci- 
fied machining conditions. 

260. Machinability of Cast Steels. — In general the machinabil- 
ity of a steel casting closely approaches that of a wrought steel 
of the same strength and hardness. Lathe-cutting tests on a 
number of cast and wrought steels reported by Wallichs and 
Dabringhaus^^^^^ indicated that machinability depends chiefly 
upon the strength and^ hardness of the steels tested and that cast 
steel has the same machinability as wrought steel of the same 
tensile strength. 

Comprehensive studies of the machinability of cast steels were 
reported by Wallichs and Krekeler,^^^^^ who used lathe tests in 
determining machinability, and by Wallichs and Beutel,^®^®^ who 
studied the ^^drillability^’ of the steels. The materials tested, 
including seven carbon steels and four nickel-chromium-copper 
steels, contained from 0.20 to 0.35 per cent carbon and 0.52 to 
1.04 per cent manganese. Silicon varied from 0.23 to 1.23 per 
cent. Some of the carbon steels contained almost enough sulphur 
and phosphorus to be classed as free cutting. The steels were 
made by the basic open-hearth, acid Bessemer, and basic electric 
processes. In the lathe tests, tools were operated to failure, and 
curves were drawn to show the tool life as a function of cutting 
speed. The cutting speed for a given depth of cut and feed that 
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caused the tool to fail in 60 min. was used as a measure of machin- 
ability for lathe cutting. In the drilling test, drills were operated 
to failure for different cutting speeds with a constant advance per 
revolution, and curves showing the depth drilled as a function 
of cutting speed were obtained. The cutting speed for a given 
advance per revolution that caused the drill to fail after drilling 
a total of 2000 mm. (78.75 in.) was used as a measure of 
drillability. 

According to the results of Wallichs and his associates, there 
IS no real difference in machinability between steels made by the 
basic open-hearth, acid Bessemer, or basic electric process. 

It IS well known that the skin on a casting wears cutting tools 
rapidly. For this reason, cast steels are considered by many as 
difficultly machinable Wallichs and Krekeler^^^s) determined 
lathe-tool life for turning both the casting skin and the body of 
several cast steels. As would be expected, tool life in cutting 
the skin was short as compared with the life for turning the body 
of the castings 

Tests by Wallichs and Beuteh^^^^ on two steels of approximately 
the same tensile strength, containing 0.22 and 0.28 per cent 
carbon respectively, indicated that the ease of drilling decreases 
as the carbon content increases. Lathe tests also showed that 
the lower carbon steel, even if the tensile strength was the 
same as that of the higher carbon material, machined more 
easily The steels available to these investigators did not permit 
any conclusions regarding the effect of sulphur and phosphorus 
(m the amounts usually present in acid Bessemer steel) on 
machinability. The results of Wallichs and associates did show 
clearly, however, that, in general, by the lathe and drilling tests 
used, ease of machinability of cast steels decreases with increasing 
hardness. The tests also showed that there is more scatter in 
the results of drilling tests than of lathe tests. 

Data on the machinability of gray cast iron, which presents a 
different problem from the machinability of carbon steels, are 
given in Chapter VIIL 

F. WEAR RESISTANCE 

Wear resistance is roughly inversely proportional to machin- 
ability since both involve reipoval of metal, resisted by harditeSs 
that makes it difficult for a tool, an abrasive particle, or a tiny 



658 


THE ALLOYS OF IRON AND CARBON 


promontory on a mating metal to penetrate and get leverage for 
prying off a chip; thereafter it is resisted by toughness and 
strength of the metal, t.e., the ability to resist being torn apart. 

Since even under carefully controlled laboratory conditions 
fine gradations in machinability can often be definitely shown 
to exist between two materials only for one particular set of 
conditions, the evaluation of wear resistance in the laboratory 
would be expected to be accompanied by corresponding diffi- 
culties Indeed the difficulties are even greater, for in machining, 
considerable volumes of metal are removed rapidly, while in 
wear, relatively small amounts of metal are ordinarily removed 
quite slowly. Duplication of the conditions producing wear in 
service, or accentuating them without altering the type of wear, 
is most difficult, and wear testing is even less standardized and 
less satisfactory than testing for machinability. 

261. Factors Affecting Wear Resistance. — Jordan^^®^) 
cusvsed the factors entering into different types of wear, and 
French^^^^^ has described the types of test used in the laboratory. 
He showed that a test must duplicate the essential factors of 
service and that instead of one single measure of wear resistance 
there may be many measures and many orders of excellence 
among materials, depending upon service conditions. French 
designed a special wear-testing machine to simulate the wear in 
service on plug gages which gave results that correlated quite 
well with the known performance of the materials tested, but 
other wear tests operating under conditions dissimilar to service 
gave no correlation at all. 

The chief differentiation in types of wear is whether the metal 
is in contact with non-metallic abrasivtis or with another metal 
Two types of tests dealing with these two sets of conditions have 
been developed for which commercial testing equipment is on the 
market. In the abrasive test, proposed by Brmell, a metal disk 
which is not in contact with the specimen drags a standard sand 
or similar abrasive under light pressure across the specimen being 
tested. In the metal-to-metal wear test, as carried out on the 
Amsler equipment, two metal disks run in contact under regu- 
lated pressure, one running faster than the other so that slip 
occurs at the wearing surface. 

262. Abrasive and Metal-to-metal Wear Resistance of Carbon 
Steels. — Rosenberg^^®®^ summarized the results obtained on a 
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series of carbon steels subjected to both the abrasive and metal- 
to-metal types of test, as shown m Figs. 244 and 245 which are 
self-explanatory. He commented that in the metal-to-metal 
wear test free ferrite or free cementite seems detrimental to wear 
resistance. He found a troosto-martensitic structure to be 
the most resistant In the study of wear of materials for shafts 
and bearings, this type of test may be run either dry or lubricated 



Fia 244 — Effect of carbon content and of heat treatment on the abrasive 
wear of steels tested in the Brinell machine {Rosenberg, 

A modification of such tests involves running a shaft or disk in a 
section of a bearing surface and noting the pressure at which 
seizure, i.e., incipient welding of the mating surfaces, occurs. 

263. Resistance of Carbon Steels to Rolling-abrasive Wear 
(Spindel Machine). — A rolling-abrasion testing machine largely 
used in Germany is the Spindel machine. Koster and Tonn^*^^*^ 
showed the results (Figs. 246, 247, and 248) of tests in which a 
steel disk 1 mm. wide and 300 to 330 mm. in diameter, of 0.40 pei 
cent carbon steel, with a hardness of 180 Brinell, is rotated foi 
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10 min. against the test specimen under 5 kg. pressure at 25 rev. 
per min. and the cut made in the specimen is measured. It 



Fig 246. — Effect of carbon content and of heat treatment on metal-to-metal 
wear of steels tested m the Amsler machine {Rosenberg 



Fig. 246. — Wear of carbon steels containing spheroidized cementite, coarse lamel- 
lar pearlite, and fine lamellar pearhte (Kdster and TonnA'^^^) 

was thought that in the tests shown in Fig. 247 the soft-steel 
disk mieht not have sufficiently abraded the harder snecimens. 
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so that a 5-mm. emery wheel was used, with results analogous to 
those obtained with the steel disk. 

When Armco iron and a 0.28 per cent carbon steel, cold rolled 
with up to 60 or 70 per cent reduction, were tested by the Spindel 



Fio 247 — Brinell hardness and wear of carbon steels, water quenched from 
1100®C (2010®F ) {Kdster and Tonn 
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Fio 248 — Effect of tempering on the wear of carbon steels previously water 
quenched from 1100°C (2010®F ). {Kdster and Tonn 

method, the wear resistance showed no appreciable increase due 
to the increase in hardness obtained by cold work. 

Eilender, Oertel, and Schmajz^®®^^ made Spindel wear tests 
on a series of carbon steels, ranging from 0.19 to 1.75 per cent 
carbon, in various structural conditions, and at various speeds of 
rotation of the testing machine, but all under 8 kg. pressure and 
for 200 m. of travel against a 0.23 per cent carbon-steel disk. 
The maximum rate of wear in these tests^ without regard to the 
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speed at which this maximum occurred, is plotted in Fig. 249 
against Brinell hardness. The structural conditions indicated 
in Fig. 249 were obtained by the following heat treatments : 

Lamellar pearhte. Hypoeutectoid steels heated to a tempera- 
ture above line GOS; hypereutectoid steels heated to 750°C. 
(1380°F.); all cooled in air. 



Fio 249 — Maximum rate of wear, determined on the Spmdel machine, 
compared with Brinell hardness of steels, containing 0 19 to 1 75 per cent carbon, 
in different structural conditions {Exlender y Oertely and Schmalz 


Spherotdized cementite. All steels heated to a temperature 
above line GOS or at 800°C. (1470°F.) and quenched in water; 
reheated for 1.5 hr. by varying the temperature between 700 and 
730^0. (1290 and 1345°F ) and cooled in furnace. 

Troostite. All steels heated to a temperature above line GOS 
or 800®C, (1470®F.) and quenched in water; tempered 15 min. at 
500 or 400^C. (930 or 750^F.). 
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Martensite, All steels heated as above and quenched in 
water; not tempered. 

It was found that a structure with globular cementite was less 
resistant to this wear test than one with lamellar pearlite. 
Material with coarse grain wore less than that with fine grain. 
Both these findings are explained on the basis that the globules 
and the fine grains are more readily torn out bodily. 

Several carbon steels with 1 to 1.75 per cent carbon were 
quenched from various temperatures up to 1100°C. (2010®F.) 
and tested without tempering. The wear showed no correlation 
with hardness or carbon content, but, when the austenite content 
was determined and compared, wear was found to decrease with 
increasing austenite up to about 15 per cent, but higher austenite 
contents, even up to about 50 per cent, gave about the same wear. 

264. Other Data on Wear Resistance. — Tomlinson ^^ 42 ) ^lade 
some interesting observations on the so-called rusting of steel 
surfaces in contact under pressure and under slight relative 
motion, concluding that, when seizure takes place, the motion 
tears off very tiny particles which are so small that they oxidize 
at once The phenomenon of adhesion of clean metallic surfaces 
not separated by any lubricant, oxide film, or other foreign 
material, which may be brought about under suitable pressure 
and at the local temperature that can be produced by slight 
relative motion, probably plays a very material part in metal-to- 
metal wear. Methods for determination of the tendency of 
metals toward seizure are still in a rather chaotic state. 

Fink(366) found differences in rate of wear in sliding friction 
depending on the atmosphere and concluded that wear was 
largely a phenomenon of oxidation. Investigations by Rosen- 
berg and Jordan^^®^^ at the National Bureau of Standards do not 
substantiate Fink^s finding of no wear in absence of oxygen, but 
do show that the atmosphere has an effect. 

Wear of railway rails and wheels has been discussed in the 
literature since 1864. Fuchsel^^®®^ included eight pages of refer- 
ences on this subject in a paper on rail wear. 

The term ^^wear” is often applied to the wearing out’’ of a 
metal part so that it fails to function, irrespective of whether 
actual removal of metal is involved. Thus ‘‘end batter’’ of rails, 
essentially a matter of deformation by cold working, is often con- 
sidered as a type of wear. The ability of a material to work hard^ 
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en is, of course, a factor in the process of removal of metal when 
high pressures are involved. Dawidenkow^®®^^ used a repeated- 
blow ball-hardness tester to evaluate this property in rails, but 
it did not show much that was not shown by the Brinell hardness. 

On the whole, the resistance of a steel to corrosion, its behavior 
in deep drawing, its machinability, and its wear resistance are 
each so fully controlled by the particular conditions of service 
that those conditions must be fully and exactly defined before 
one can compare the behavior of two steels in service. These 
properties are important, but the terms corrosion resistance, 
drawability, machinability, and wear resistance are, unfortu- 
nately, loosely used as though there were a single quantitative 
way of measuring them as in the evaluation of static strength by 
a tensile test. In reality, the properties desired are a weighted 
average of a whole group of separate properties. Methods of 
evaluation of most of these separate properties are either known 
or could be worked out. The difficulty occurs during the applica- 
tion of engineering judgment m determining which properties 
are of importance for the service in view so that the weighting 
can be accurate Too many engineers attempt to devise some 
test which will differentiate between materials for a given service 
with little analysis of the service problem into terms of the 
component properties called for. 

G. WELDABILITY 

The process of joining metals by taking advantage of the 
forces of interatomic attraction which act across a joint is one of 
the oldest metallurgical operations. For many years forge weld- 
ing of two pieces of clean iron or low-carbon steel was practiced 
by practically every blacksmith. Despite the age of this process, 
welding as a large-scale joining operation is a development of the 
twentieth century. The development of the various processes 
for commercial large-scale welding has been so rapid, has been 
accompanied by so much controversy, and includes so many 
ramifications, that a complete discussion would require a series 
of monographs, at least one of which could be written on the 
welding of carbon steels. 

Faced 'with the problem of what to do about the subject of 
welding in a monograph on the properties of iron-carbon alloys, 
two alternatives were possible: (1) to omit all discussion to 
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welding, or (2) to give a summary, necessarily sketchy, of the 
welding of carbon steels and the variables which affect the 
process. The latter was adopted. 

265. Welding Processes for Carbon Steels. — If clean iron or 
steel surfaces, heated to a temperature at which they are some- 
what plastic, are brought together under pressure, they weld. 
This tendency to weld is utilized in the piling and rolling of 
wrought iron and in the making of pipe from skelp, as well as in 
forge or hammer welding and in the rolling of rimmed steel where 
the blowholes are welded. If the oxide scale on the surface is not 
readily fusible, it must be suitably fluxed. While rimmed steel 
containing less than 0 2 per cent carbon is usually preferred, 
medium- and high-carbon steels may be forge welded to each 
other or to lower carbon materials. Under suitable conditions, 
carbon steel can be welded to alloy steels so that ^^mckel-clad^’ 
and ^^stainless-clad’^ steels may be made by forge welding. 

High sulphur in carbon steel for welding is considered objec- 
tionable on account of the numerous manganese sulphide inclu- 
sions; furthermore, high silicon percentages are not considered 
desirable, probably because of the more refractory nature of 
the oxide scale. Greiner, Marsh, and Stoughton, however, 
stated that even some of the high-silicon steels can be forge 
welded satisfactorily. 

Broadly speaking, the plain carbon steels as a class are stand- 
ard for satisfactory forge welding. 

In fusion welding, the edges of the pieces to be joined are 
melted and either pressed together or additional material of the 
same or another composition is melted in to fill the gap and fuse 
with the material to be joined. This method is widely used. 
Electric-resistance welding, in which the pieces to be joined are 
heated at the joint by a heavy current of electricity and are 
pressed together just as the metal at the junction fuses, plays a 
large part in the manufacture of automobile bodies, many 
automobile parts, and other objects. For this purpose, the low- 
carbon deep-drawing steels are suitable. Higher carbon steels, 
such as rails for street railways, may also be joined by resistance 
welding. The parts are not preheated prior to the operation in 
normal resistance welding. 

In thermit welding, very low carbon superheated molten iron, 
produced by the exothermic reaction of iron oxides with metallic 
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aluminum, is allowed to run into a mold containing the preheated 
parts to be joined. This method is used for rails and for many 
heavy objects to which a suitable amount of molten steel cannot 
well be supplied by other welding methods. The smaller 
amounts of molten metal necessary to fill the gap in most fusion 
welds are supplied by carbon-arc welding, metallic-electrode 
welding, or by a gas (oxygen-acetylene or oxygen-hydrogen) 
torch. The types of welding operations are shown in Fig. 250 
taken from the ^'Metals Handbook 
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266. General Effect of Welding on Structure. — All commercial 
welding processes are necessarily carried out at a high tempera- 
ture. This may vary from a temperature at which the metal is 
fully plastic — 1000 to 1350°C. (1830 to 2460°F.) depending on 
the carbon content — ^for forge welding, to one above the liquidus, 
for fusion welding. Obviously the use of such temperatures 
must have a marked effect upon the structure of the deposited 
metal and the sections of the parent metal adjacent to the weld. 

Metal deposited in fusion welding frequently has the coarse 
structure characteristic of cast steels. The structure and 
properties of the metal in this section of the weld depend upon a 
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number of factors — carbon content, speed of cooling, gas and slag 
contents, and others. As the prime requisite of a weld is ductility 
and as cast high-carbon steels are generally brittle, an effort is 
made to keep the carbon content of the deposited metal low 
enough to avoid such brittleness, especially if subsequent heat 
treatment is impracticable. Another disadvantage of high- 
carbon deposited metal is that, since the cooling of the weld is 
frequently rapid enough to induce hardening if the carbon is high, 
brittleness, accompanying such hardening, may result. 

In fusion and forge welding a temperature gradient exists in 
the parent metal over which the excessively high temperature in 
and adjacent to the weld decreases progressively until, at some 
distance, it is below the critical. As the result of this gradient 
all sorts of structural conditions may be present. Near the weld 
the gram growth may be excessive, in another section recrystal- 
lization owing to the alpha-gamma transformation may be wholly 
completed, and in still another section this change may be only 
partly completed. 

In those sections where the temperature was above Ac^ the 
effect of any prior heat treatment is destroyed; moreover, if the 
steel has been cold worked before welding, critical cold deforma- 
tion may cause excessive gram growth even in sections which 
were not excessively overheated. All these effects may be 
further complicated if carbon is present in amounts necessary to 
make the material air hardening, or if gases which induce age 
hardening are present. Opposed to these deleterious effects 
which may result from the extreme temperature gradient is the 
fact that, in some cases and with some carbon percentages, cool- 
ing after welding may produce the desirable structural conditions 
which result from normalizing. 

In addition to the various beneficial and deleterious structural 
conditions which result from cooling after welding, there is 
always the likelihood that harmful internal stresses, caused by 
differential heating and cooling, may be present. Thermal 
contraction of the weld and of the adjacent heated zones in 
cooling, the reversible change of some sections from alpha to 
gamma, and the absence of the same change in directly adjacent 
sections tend to set up internal strains. Subsequent heating to 
relieve strains to some extent is often employed; but even tlien, 
unless the material is very ductile, the weld may crack open on 
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cooling. The importance of avoiding internal stresses is very 
great. Granjon^®^®^ pointed out that these invisible defects may 
be much more harmful than such visible defects as porosity. 

Where the section welded is relatively small and not too 
irregular much of the structural heterogeneity and a large part of 
the internal strains can be removed by proper heat treatment 
Unfortunately, however, in most commercial welding, heat 
treatment is impossible for reasons of design or economy. 

Welds are subject to many defects if improperly made A weld 
may look sound on the outside but may be incompletely fused on 
the inside, the added metal being merely laid down on, but not 
fused with, the parts being joined The weld may contain slag 
or gas holes; it may pick up appreciable amounts of nitrogen from 
the air and thus be brittle. Many non-destructive tests have 
been proposed to show the quality of a weld, and X-ray radiog- 
raphy is now being applied on a large scale to almost all types of 
welds which must withstand notable stresses or whose failure 
would endanger the structure * With welding becoming so 
important a means of fabrication, an alloy steel which cannot be 
readily welded is seriously handicapped and may have to give 
way to carbon steels of lower strength but of greater ease of 
welding 

267. Effect of Arc Welding on Carbon Steels. — Carbon-arc 
welding tends to give a higher carbon content in the weld than 
metallic-arc or gas welding and thus tends to produce a less 
ductile weld When a weld is required which contains enough 
carbon to raise its strength appreciably, high-carbon electrodes 
or high-carbon filler rod may be used, but there is a considerable 
loss of carbon in the process. According to Meller^^^®^ the loss 
in welding with bare electrodes of various carbon contents is as 
shown in the table on page 669. 

W^hen a welding rod containing about 0.10 per cent carbon and 
0 40 per cent manganese is used, the weld contains about 0.05 
per cent carbon and 0.10 per cent manganese when the electrode 
is bare. By covering the electrode with slag-forming oxides, a 
coating is provided which protects the weld from contact with the 
air and produces welds with somewhat higher carbon, much 
higher manganese, and much less absorption of nitrogen. Pre- 
vention of contact of the weld with the air may be brought about 

* This IS discussed on p. 247 m Volume I of this monograph. 
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by shielding the weld with hydrogen or cracked ammonia; or 
the weld can be made by using a stream of superheated hydrogen 
(the “atomic hydrogen^' process). Such welds have high duc- 
tility owing to their freedom from oxide. To test the quality 
of a welding rod — whether it will give a non-porous weld or not — 
sample welds are often laid down and examined as an acceptance 
test for the rod. The variables in the manufacture of the rod 
which are responsible for good (sound) or bad (porous) welds 
are discussed but seldom in the literature. Nor are there many 
data on the effect of composition of the base metal on the proper- 
ties of the weld. 

Sommer^®®^^ prefers that the base material contain not over 
0.35 per cent carbon. Leitner^®^®^ studied the porosity of welds 
made with a bare electrode, containing 0 09 per cent carbon and 
0.47 per cent manganese, and found that, as base material to be 
joined, steel practically free from silicon gave good welds, while 
in steels containing 0.10 to 0.44 per cent silicon the welds were 
porous. Increasing the silicon to 0.62 (in a steel with 0.06 per 
cent carbon and 0.27 per cent manganese), however, resulted in a 
sound weld. With carbon and silicon being about 0.10 per cent 
each, an increase in manganese to 1.7 per cent was required before 
freedom from porosity was attained. In steels of about 0.15 per 
cent silicon and 0.50 to 0.70 per cent manganese, the carbon had 
to be increased to about 0.30 per cent before the welds were sound. 

Stine^^^^^ pointed out that the base metal fuses together mth 
the filler metal, and that the ductility of the weld must therefore 
depend to a considerable extent upon the composition of the 
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base metal. He mentioned silicon and aluminum as harmful, 
producing porosity, and stated that the former should be below 
0.10 per cent and the latter below 0.01 per cent unless other 
deoxidizing elements are present. He prefers either low manga- 
nese (0.10 per cent) or high manganese (0.35 to 0 60 per cent) to 
amounts in the intermediate range. Carbon, according to Stine, 
should not be too low, 0.15 to 0.25 per cent being the best range 
for a general-purpose rapid-welding steel. In addition, Stine 
recommended that a general-purpose rapid-welding steel should 
contain 0.35 to 0.60 per cent manganese, a maximum of 0.07 per 
cent silicon, 0.05 per cent sulphur, 0.045 per cent phosphorus, 
and not over 2 oz. of aluminum per ton. 

For a soft steel, which must withstand considerable forming, 
Stine recommended 0 07 to 0.15 per cent carbon, 0 35 to 0 55 per 
cent manganese, a maximum of 0.05 per cent silicon, and sulphur, 
phosphorus, and aluminum as given above. In cases where it is 
desired to use aluminum and silicon, the ratio of silicon to 
aluminum should not be less than 5 to 1 or greater than 15 to 1. 
Stine remarked that all commercial grades of carbon steel are 
weldable, but that steels of the above compositions are preferable 
to others for welding speed and quality of weld 

268. Effect of Welding on Mechanical Properties. — The effect 
of the temperature gradient adjacent to the weld on the meclian- 
ical properties of one of the most common welding steels — a 
0.24 per cent carbon fire-box steel — is shown by an investigation 
reported by Kinzel.^^^^^ The steel also contained 0.41 per cent 
manganese, a trace of silicon, 0.037 per cent sulphur, and 0.02 per 
cent phosphorus. Sections of 0.5-in. plate, 9 in. wide and 36 m. 
long, with a 45-deg. beveled edge were welded by an oxyacetylene 
torch. By means of holes drilled into the plate, into which the 
hot junctions of a number of thermocouples were inserted, it was 
possible to record accurately the temperature of the plate at 
small intervals from the scarf of the weld to a point where the 
welding temperature had not affected the structure and proper- 
ties. The microstructure and the Rockwell B hardness cor- 
responding to these temperatures could also be determined 
accurately. Bend tests were also made. 

Other specimens of the same material were then heated in a 
controlled atmosphere to the same temperatures, to obtain the 
same microstructure and hardness which resulted from the 
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welding operation. According to Kinzel, ^‘it i» reasonable to 
suppose that the tensile properties of the specially treated samples 
[were] representative of the zones in the welded plate. The 
results obtained are given in Table 112. 

Kinzel also studied the possibility of blue brittleness, which 
results from holding at a temperature of about 400°C. (750®F.) 
without an accompanying perceptible change in microstructure. 
Impact tests made of the plate after heating to this zone indicated 
that no blue brittleness would be encountered in welded sections 
‘^because the time at temperature necessary for this phenomenon 
to occur is of a much greater order of magnitude than that 
encountered m the welding operation.'^ 

The question of strain aging was also studied. Welding may 
set up internal strains, owing to the severe temperature gradients, 
unless precautions are taken to avoid them. The cold working 
to which many sections (pressure vessels, etc ) are subjected 
before welding may also introduce severe internal stresses. With 
cold deformations of 1 5 per cent or more, a month ^s aging at 
room temperature — or 1 hr. at 100°C. (210°F.) — reduced the 
impact from 40 to about 10 ft-lb. Heating 1 hr. at 550®C. 
(1020°F ), or 5 mm at 600°C. (1110°F.), or a normalizing treat- 
ment restored the impact to its original high value. 

The conclusions regarding the effect of the temperature gradi- 
ent on the properties can be stated best in KinzePs words: 

1. The heat of welding produces no noteworthy metallographic effect 
except in the zone immediately adjacent to the scarf. In this zone, the 
ductility IS reduced, but the tensile strength is increased If desired, 
this zone can be completely eliminated by local normalizing 

2. The minimum tensile strength m a welded joint exists in the zone 
subjected to the maximum subcritical temperature. This zone is not 
necessarily effective in reducing the strength of the joint as a whole. 
The high ductility of this zone, combined with the small decrease in 
tensile strength, permits its engineering use at the same fiber stress as 
that of the plate proper. This zone can be eliminated by general 
normalizing. 

3. Commercial plate used for welding purposes is generally susceptible 
to strain-age brittleness. This may be produced by cold working the 
plate before welding, or by internal stress due to the combinatioji of 
restraint and steep temperature gradients in the welding operation. 
This can be completely eliminated by general stress relieving. 



Table 112. — Mechanical Properties of Welded and Matched Specimens of 0 24 Per Cent Carbon Plate* 
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H. AUTHOR»S SUMMARY 

1. There are a number of important engineering properties of 
ferrous materials which cannot be measured with the preciseness 
that accompanies the measurement of the physical constants 
or the determination of such properties as tensile strength. 
Among these are hardness, deep-drawing characteristics, machin- 
ability, wear resistance, and weldability. Because of the uncer- 
tainty in the measurement of these qualities, and because of lack 
of standardization in their determination, it is almost always 
necessary to include in a discussion of these properties a descrip- 
tion of the testing method used. 

2 Most ferrous materials have similar strength characteristics 
in tension and compression. The Brmell number is a compres- 
sion value, hence there is a fairly direct relation, for most 
carbon and low-alloy steels, between Brinell number and 
tensile strength. The ratio of 0.5 for tensile strength (in units 
of 1000 lb. per sq. in.) to Brinell hardness is an approximation 
of this relation and is suflSciently accurate for most engineering 
purposes. The actual ratio depends upon the structure and 
treatment, and possibly the composition, and varies from 0.45 
to 0.58, with most of the determined values ranging from 0.48 
to 0.54. 

3. Much work has been done^ to establish a relationship 
among hardness values as determined by the different tests and 
between hardness and tensile strength. The data indicate that 
the values obtained with the Rockwell machine (one of the most 
flexible and widely used testers) can be converted to Brinell 
hardness with an expected error not greater than 10 per cent, and 
to tensile strength with an expected error not greater than 15 per 
cent. A new conversion table (Table 108, page 620) was pre- 
pared by correlating published and some unpublished data, 
which gives the relation among Brinell values of 197 to 514 and 
the corresponding Rockwell C, scleroscope, and Vickers-hardness 
values, and tensile strength. AA present, because of the deforma- 
tion of the ball, Brinell values are not reliable for hardness num- 
bers above approximately 550. Owing to widely varying values 
in the data now available, the relation between hardness and 
tensile strength for Brinell values less than 197 or greater than 514 
cannot be given with accuracy. 
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4. The single-blow notched-bar impact test, although not 
standardized, is widely used chiefly because materials with 
satisfactory impact properties in a laboratory test usually show 
satisfactory service in applications involving shock loading. The 
principal testing machines are the Izod and Charpy machines 
using a round or V-notch. Impact values obtained with differ- 
ent machines are not comparable, neither are values obtained 
with specimens of different sizes or with different notches. Slight 
differences in toughness cannot be detected by the usual impact 
test, but, ordinarily, brittle steels can be readily separated from 
tough material. 

5. Cold working reduces the impact value. For specimens 
which have been cold worked and aged the impact is a sensitive 
test for susceptibility to aging. It is of value as a criterion of 
grain size, and to detect temper brittleness, and has been used 
effectively to detect microscopic internal cracks. In general, 
the impact resistance of carbon steel decreases as the tensile 
strength increases. The impact resistance is probably related 
roughly to the static ductility, but a variable such as grain size 
affects the impact values so markedly that the relation is difficult 
to trace. Single-blow notched-bar impact tests are of little or no 
value in detecting differences in such brittle materials as cast 
iron and hardened high-carbon steels. 

6. Repeated-impact test# on notched bars give much the 
same type of information as the single-blow test when the 
intensity of the blow is high enough to break the specimen in a 
few thousand blows. If the intensity of the blow is so low that 
fracture occurs only after hundreds of thousands of blows, the 
information is in general the same as obtained by endurance 
testing. Results obtained with intermediate intensities are 
difficult to interpret. 

7. Damping capacity is an important property of materials 
which must withstand severe vibration. Cast iron damps out 
vibration more rapidly than any other ferrous material. Carbon 
steel ranks next. High-strength alloy steels have, as a rule, a 
low damping capacity and may not, therefore, be so well suited 
as cast iron or carbon steel for industrial applications where 
severe vibration is encountered. The acoustic properties of a 
metal are closely related to its damping capacity; the duration 
of sound from a vibrating body is that portion of the damping 
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curve in which the vibrations are audible. Apparently there is 
no direct relation between damping capacity and carbon content; 
there are, however, data which indicate that, for a given carbon 
content, a steel with a pearlitic structure damps out vibration 
more rapidly than a steel with a troostitic structure. There may 
be a close relationship between damping capacity and notched- 
bar impact resistance, but apparently there is no relation between 
damping capacity and the resistance of a material to repeated 
stress ; hence, no one has as yet been able to use the determination 
of damping capacity as an accelerated endurance test. 

8. The ability of a material to withstand local deformation 
and its tendency to work harden when deformed are important 
characteristics of steel for deep drawing, stamping, bending, and 
the like. The evaluation of these characteristics by a laboratory 
test is difficult. The most common measure of ductihty for 
deep drawing is the cupping test of which two forms are common: 
the Olsen test and the Erichsen test. The results of the cupping 
test are usually correlated with tensile properties and hardness but 
even then, unless the respective values are properly weighted, 
a further correlation of the laboratory results and the shop per- 
formance may be poor. 

9. Data on the effect of mill practice on the deep-drawing 
properties of commercial low-carbon cold-rolled and annealed 
sheet indicate that a finishing temperature for hot rolling of 
760°C. (1400®F.) or above, a reduction by cold rolling of not 
less than 50 per cent, and an annealing temperature of about 
705°C. (1300°F.) result in the most satisfactory Olsen ductility 
tests. The accompanying mechanical properties (for 0.05 per 
cent carbon material cold rolled from 0.08-in. bands) should be 
40,000 to 46,000 lb. per sq. in. tensile strength, 60 to 70 per 
cent yield ratio, and 40 to 50 Rockwell B hardness. 

10 On account of the numerous variables which influence the 
machining characteristics of a material, many of which are more 
closely related to thd nature and design of the tool and to cool- 
ants, speed, feed, and depth of cut than to the material cut, 
there is no simple relation between any mechanical property and 
machinability. There is, however, a rough correlation between 
hardness and ease of machining. Data are given which show 
that, for a specific machining condition, the tool life decreases 
as the tensile strength increases. Aside from the very general 
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statement that free-cutting (high-sulphur, high-phosphorus) 
screw stock, to be easily and rapidly machined, should be both 
soft and brittle, no definite relation has been established between 
the composition and structure of free-cutting steel and its per- 
formance in automatic machines. Summarizing, it may be 
said that only a rough estimate of machinability can be made 
from hardness and tensile properties, and that the effect of 
composition and structure, while undoubtedly of influence, 
cannot be evaluated except in terms of performance under 
specified conditions. 

11. Wear resistance is roughly inversely proportional to 
machinability. Duplication of the conditions producing wear in 
service, or accentuating them without affecting the type of wear, 
IS difficult; wear testing is, consequently, even less standardized 
and less satisfactory than testing for machinability. There 
seems to be no quantitative relation between hardness or carbon 
content and wear, although in some of the tests reported a 
decrease in wear was accompanied by a corresponding increase 
in hardness. Apparently there is a relation between wear 
resistance and structure; data are quoted which indicate that 
free ferrite and free cementite are detrimental to wear resistance, 
but a structure of martensite, troostite, or troosto-martensite is 
favorable. 

12. On the whole, such properties as machinability and wear 
resistance (deep-drawing properties and corrosion resistance 
might be added as well) are so completely dependent upon the 
particular conditions of service that these must be completely 
defined and duplicated in a test before the behavior of two 
materials can be compared accurately. These properties are in 
reality the weighted average of a whole group of separate proper- 
ties. Although it should be possible to evaluate each of these 
and weight them properly, and thus to arrive at an accurate 
measure of machinability and wear resistance, this has not yet 
been done,* and no progress toward this goal will be made until 
engineers cease trying to devise a single test to measure the 
suitability of a material for a particular service when the service 
problem has not even been analyzed into its components. 

13. Low-carbon steels are readily joined by plastic welding. 
Elements such as silicon or aluminum, which may produce a 
refractory oxide, are considered detrimental. Low-, medium-. 
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and high-carbon steels are readily joined by fusion welding, but 
to produce a sound weld precautions should be taken to prevent 
oxidation in and about the weld. As the deposited material 
usually has the coarse structure of cast metal, it is ordinarily 
necessary to keep the carbon in the weld metal low to prevent 
brittleness. The ductility of the weld depends upon the com- 
position and structure of both parent metal and deposited metal. 

14. The temperature gradient which results from fusion weld- 
ing in the parent metal near the weld is accompanied by varia- 
tions in structure and, frequently, high internal stresses. In 
welded plate containing about 0 25 per cent carbon the ductility 
is lower and the tensile strength higher directly next to the scarf 
of the weld than in the original material. The minimum tensile 
strength is found in the zone subjected to the highest subcritical 
temperature. These differences in properties, which are usually 
not serious, may be eliminated by simple normalizing. This 
treatment will also relieve stresses caused by prior cold working 
or by temperature gradients. 




BIBLIOGRAPHY 

1880-1909 

1 Thurston, R H. Note Relating to a Peculiarity Distinguishing 

Annealed from Unannealed Iron, Science, v 1, 1883, pp 418-419 

2 Howe, H M.* The Patience of Copper and Silver as Affected by 

Annealing, Trans Am, Inst Min, Eng , v. 13, 1885, pp 646-666 

3 Arnold, J O • The Influence of Carbon on Iron, Minutes Proc Inst 

Civil Eng , v 123, 1895, pp. 127-162. 

4 Arnold, J O : The Properties of Steel Castings, J Iron Steel Inst , v 

59, 1901, pp 175-204 

5 Wahlbero, a * BnnelFs Method of Determining Hardness and 

Other Properties of Iron and Steel, J Iron Steel Inst , v 69, 1901, 
pp 243-298; v 60, 1901, pp 234-271 

6 Keep, W J : ‘^Cast Iron, a Record of Original Research,^^ John Wiley & 

Sons, Inc , New York, 1902, 225 pp 

7 Benedicks, C Recherches physiques et physico-chimiques sur I’acier 

au carhone (Physical and Physico-chemical Investigations on 
Carbon Steel), Dissertation, Uppsala, 1904, 215 pp Preliminary 
publ . Jernk, Ann,, new ser , v 57, 1902, pp 124-133 Condensed 
Jernk Ann , new set , v. 61, 1906, pp 1-231 

8 Roberts-Austen, W C , and W Gowland Sixth Report to the 

Alloys Research Committee: On the Heat Treatment of Steel, Proc 
Inst Mech Eng , 1904, pp 7-174. 

9 Brinbll, j. a.: Researches on the Comparative Hardness of Acid 

and Basic Open-hearth Steel at Various Temperatures by Means 
of ‘‘Ball Testing,^' Iron Steel Magazine, v 9, 1905, pp 16-19. 

10 Campbell, H H The Influence of Carbon, Phosphorus, Manganese, 

and Sulphur on the Tensile Strength of Open-hearth Steel, Trans 
Am Inst Min Met, Eng , v. 35, 1905, pp. 772-810; discussion, pp 
1043-1048. 

11 Hadfield, R a.* Experiments Relating to the ICffect on Mechanical 

and Other Properties of Iron and Its Alloys Produced by Liquid-air 
Temperatures, J Iron Steel Inst , v 67, 1906, pp 147-256. 

12 Campbell, H H : “The Manufacture and Properties of Iron and 

Steel,” McGraw-Hill Book Company, Inc , New York, 4th ed , 
1907, 639 pp. 

13 Meyer, E • Untersuchungen uber Hartepriifung und Harte (Hardness 

Testing and Hardness), Z Ver deutsch, Ing , v. 62, 1908, pp, 646- 
664, 740-748, 836-844, 2077-2078 

14 Guillet, L, and L R^villon: Exp^nences sur I'essai au cho<fe k 

temperature variable (Impact Testing at Different Temperatures), 
Rev. de MH , M6m., v. 6, 1909, pp 94-101. 

679 



680 


THE ALLOYS OF IRON AND CARBON 


15. KiJrth, a • Untersuchungen iiber den Emfluss der Warme auf die 

Harte der Metalle- (Effect of Temperature on the Hardness of 
Metals), Z Ver deutsch Ing , v 53, 1909, pp 85-92, 209-216 

1910-1914 

16. Cushman, A. S , and H A. Gardner. Corrosion and Preservation of 

Iron and Steel,” McGraw-Hill Book Company, Inc., New York, 
1910, 373 pp 

17 Lambert, B , and J. C. Thomson The Wet Oxidation of Metals 

1 The Rusting of Iron, J Chem, Soc , Trans , v 97, 1910, pp 
2426-2433 

18 Robin, F : Report on the Wear of Steels and on Their Resistance 

to Crushing, Iron Steel Inst , Carnegte Schol Mem , v 2, 1910, 
pp 1-270 

19 Friend, JAN. *^The Corrosion of Iron and Steel,” Longmans, 

Green & Company, New York and Ixindon, 1911, 300 pp 

20 Hadfield, R a , and B Hopkinson The Magnetic Properties of 

Iron and Its Alloys in Intense Fields, J Inst Elec Eng , v 46, 1911, 
pp 235-306. 

21 Robin, F : The Variation in the Acoustic Properties of Steel with 

Changes of Temperature, Iron Steel Inst , Carnegie Schol Mem , 
V 3, 1911, pp 125-215 

22 Bregowsky, I M,andL W Spring • The Effect of High Temperature 

on the Physical Properties of Some Alloys, Proc Int Assoc Test 
Mat , V 2, May 1910-May 1913, part 2 Sixth Congress, New 
York, September, 1912, first section, VIII, 16 pp 

23 Gumlich, E . Magnetic Properties of Iron-carbon and Iron-silicon 

Alloys, Trans Faraday Soc j v 8, 1912, pp 98-114 

24 Lambert, B : The Wet Oxidation of Metals 2 The Rusting of Iron, 

J. Chem Soc J Trans , v 101, 1912, pp 2056-2057 

25 Broniewski, W * Sur la thermo-61ectricit6 des aciers (The Thermo- 

electricity of Steels), C, R. Acad, Sct.j Pans, v. 156, 1913, pp 1983- 
1985. 

26. Hanemann, H , and R Kuhnel* Das Verhalten geharteter und 

angelassener untereutektoider Stable (Hardened and Tempered 
Hypoeutectoid Steels), Stahl u Eiseny v 33, 1913, pp 1686-1689 

27. Bornemann, K, and K Wagbnmann: Die elektnsche Leitfahigkeit 

der Metallegierungen im flussigen Zustande (Electnc Conductivity 
of Liquid Metallic Alloys), Ferrumy v 11, 1914, pp 276-282, 289-314, 
330-343 

28 Dbiesen, j : Untersuchungen uber die thermische Ausdehnung und 
die Losungsgeschwmdigkeit von Kohlenstoffstahlen (Thermal 
Expansion and the Rate of Solution of Carbon Steels), Ferrwm, 
V. 11, 1914, pp 129-138, 161-169. 

29. Lea, F C., and O H. Crowther: The Change of the Modulus of 
Elasticity and of Other Properties of Metals with Temperature, 
Engineering^ v 98. 1914, pp 487-489. 



BIBLIOGRAPHY 


681 


30. Storey, 0. W.: A Study of the Aonealmg Process for Malleable 

Castings, Met, Chem. Eng , v 12, 1914, pp. 383-389. 

1915-1919 

31. Abbott, R. R.: The Relation between Maximum Strength, Bnnell 

Hardness, and Scleroscope Hardness m Treated and Untreated Alloy 
and Plain Steels, Proc Am Soc Test Mat , v. 16, part 2, 1915, pp 
42-61 

32 Burgess, G K , and P. D. Foote: The Emissivity of Metals and 

Oxides 1 Nickel Oxide (NiO) m the Range 600° to 1300°C , 
Bur Stand Bull 224, v. 11, 1916, pp 41-64 

33 Campbell, E. D : The Influence of *Heat Treatment on the Specific 

Resistance and Chemical Constitution of Carbon Steels, J Iron 
Steel Inst , v 92, 1915, pp 164-180 

34 Dupuy, E L , and A M. Portevin The Thermoelectric Properties 

of Special Steels, J Iron Steel Inst , v 91, 1915, pp 306-335 
36 Nead, j H The Effect of Carbon on the Physical Properties of 
Heat-treated Carbon Steel, Trans Am Inst Min Met Eng , v 
53, 1916, pp 218-237 

36 Oberhoffer, P Die Bedeutung des Gluhens von Stahlformguss (The 

Importance of Annealing Steel Castings), Stahl u, Eisen^ v 35, 

1915, pp 93-102, 212-214 

37 Yensen, T D Magnetic and Other Properties of Iron-silicon Alloys 

Melted m Vacuo, Univ of Illinois Exp Sta , Bull 83, 1915, 66 pp 
Condensed Trans Am Inst Min Met Eng , v 53, 1916, pp 274- 
305 

38 Hadfield, R a , and J N. Friend Influence of Carbon and Manga- 

nese upon the Corrosion of Iron and Steel, J Iron Steel Inst , v 93, 

1916, pp. 48-76 

39 Howe, H M . “The Metallography of Steel and Cast Iron,” McGraw- 

Hill Book Company, Inc , New York, 1916, 641 pp 

40 Oberhoffer, P , L Lauber, and H. Hammel* Uber die Ergebmsse 

von Schmiedeversuchen mit Flusseisen und Stahl (Forging Studies on 
Carbon Steels), Stahl u Eisen, v. 36, 1916, pp 234r-238, 263-267 

41 Reinhold, O : Uber mechanische Eigenschaften von Flusseisen bei 

verschiedenen Temperaturen (The Mechanical Properties of Mild 
Steel at High Temperatures), Ferrum, v. 13, 1916, pp. 97-103, 
116-123, 129-140. 

42. Campbell, E. D . Influence of Temperature of Measurement on the 
Electrical Resistivity and Thermoelectromotive Potential of Solutes 
m Steels, Trans Am Electrochein Soc , v. 32, 1917, pp. 193-214 
43 Custer, E. A : Cast-iron Shells in Permanent Molds, Trans Am 
Foundrymen^s Assoc , v. 26, 1917, pp 105-121 
44. Honda, K., and T Simidu: On the Thermal and Electrical Condi^e^ 
tivities of Carbon Steels at High Temperatures, Sm. Rep , Sendai, 
ser. 1, V 6, 1917, pp. 219-233. 



682 


THE ALLOYS OF IRON AND CARBON 


45 Mason, W Alternating-stress Expenments, Proc Inst. Mech Eng , 

1917, pp 121-196 Abst.* J Iron Steel Inst y v. 97, 1918, p 537 

46 Charpy, G Influence of Hot Deformation on the Qualities of Steel, 

J Iron Steel Inst , v 98, 1918, pp. 7-42 

47 Gumlich, E . tJber die Abhangigkeit der magnfetischen Eigenschaften, 

des spezifischen Widerstandes und der Dichte der Eisenlegierungen 
von der chemischen Zusammensetzung und der thermischen Behand- 
lung (Dependence of Magnetic Properties, Specific Resistance, and 
Density of Iron Alloys on Chemical Composition and Heat Treat- 
ment), TTiss Abh Phys -Tech Reichsanstalty v. 4, 1918, pp 267-410 
48. Law, E F . Effect of Mass on Heat Treatment, J Iron Steel Inst , 
V 97, 1918, pp 333-352 

49 Me William, A . The Influepce of Some Elements on the Tenacity of 

Basic Steel, J Iron Steel Inst , v 98, 1918, pp 43-58 

50 Riddell, M Use of Iron Molds, Foundry Tr J , y 20, 1918, pp 

195-200 

51 Elliott, G K Improving the Quality of Gray Iron by the Electric 

Furnace, Trans Am Electrochem Soc , v 35, 1919, pp 175-186 

52 Hurst, J E Notes on Permanent Molds and Centrifugal Castings, 

Foundry Tr J, v 21, 1919, pp 558-563 

53 Waring, F M , and K E Hopammann* Deep Etching of Rails and 

Forgings, Proc Am Soc Test Mat , v 19, part 2, 1919, pp 182-205 


1920 

54. Adam, A T Relation of Heat Tieatment to Cold Work in Hypoeu- 
tectoid and Eutectoid Steels, Iron Steel Inst , Carnegie Schol Mem , 
V 10, 1920, pp 65-128 

55 British Engineering Standards Association Report of the Steel Re- 

search Committee Founded by the Institution of Automobile Engi- 
neers and the Society of Motor Manufacturers and Traders on an 
Investigation Conducted to Establish the Mechanical Properties 
of British Standard Wrought Automobile Steels and Factors Govern- 
ing Testing Procedure in Connection Therewith, Rep 75, October- 
1920, 72 pp 

56 Foote, P D , and C O Fairchild Optical and Radiation Pyrom- 

etry, ^‘Symposium on Pyrometry,^^ Am Inst Mm Met Eng , New 
York, 1920, pp 324-351. 

57 Hall, J H , A E Nissen, and K Taylor Heat Treatment of 

Cast Steel, Trans Am. Inst. Min Met Eng , v. 62, 1920, pp 353- 
396 

58 Hatfield, W H • The Most Suitable Steels for Automobile Parts, 

Proc Inst Automobile Eng , v 14, 1920, pp 503-600 

59 Lanoenberg, F C * Expenmental Data Obtained on Charpy Impact 

Machine, Trans. Aw Inst. Min. Met Eng , v 62, 1920, pp 436-470 
60. McAdam, D j , Jr : a High-speed Alternating Torsion Testing 
Machine, Proc Am Soc Test Med , v 20, part 2, 1920, pp 366-371. 



BIBLIOGRAPHY 


683 


61 Moldbnke, R : Gray-iron Castings, Trans Am. Soc Mech Eng , 

V 42, 1920, pp 167-174 

62 Norbury, a L The Effect of Various Elements on the Electrical 

Resistance of Iron, J Iron Steel Inst , v 101, 1920, pp 627-644 

63 Schwartz, H A . Effect of Machining and of Cross-section on the 

Tensile Properties of Malleable Cast Iron, Proc Am Soc Test 
Mat , V 20, part 2, 1920, pp 70-79 

1921 

64. Aitchison, L . ^‘Engineering Steels, MacDonald and Evans, London, 
1921, 396 pp 

65 Dupuy, E L An Experimental Investigation of the Mechamcal 

Properties of Steels at High Temperatures, J Iron Steel Inst , v 
104, 1921, pp 104-116 

66 Elliott, G K • Superheats in the Electric Furnace, Foundry, v 49, 

1921, pp 714-719 

67 French, H J • Effect of Temperature, Deformation, and Rate of 

Loading on the Tensile Properties of Low-carbon Steel below the 
Thermal Range, Bur Stand Tech Paper 219, v 16, 1921-1922, pp 
679-725. 

68 Giolitti, F.: Steel Castings of High Strength and Toughness, Chem 

Met Eng, v 24, 1921, pp 113-118, 161-165 

69 Giolitti, F • “Heat Treatment of Soft and Medium Steels,^' McGraw- 

Hill Book Company, Inc , New York, 1921, 374 pp 

70 Hoyt, S. L : “Metallography,^' Volume 2 The Metals and Common 

Alloys, McGraw-Hill Book Company, Inc , New York, 1921, 462 pp 

71 Jones, J A . Intercrystallme Cracking of Mild Steel in Salt Solutions, 

Trans Faraday Soc , v 17, 1921, pp 102-109 

72 Korber, F , and A Dreyer Uber Blaubruchigkeit und Altem des 

Eisens (Blue Brittleness and Aging of Iron), Mitt K -W Inst 
Eisenforschung, v 2, 1921, pp 59-90 

73 Langenberg, F C Impact Properties of Various Steels, Chem Met 

Eng , V. 25, 1921, pp 910-912 

74 Langenberg, F C Impact Tests on Cast Steel, Proc Am Soc Test 

Mat , V. 21, 1921, pp 840-851 

75 Maurer, E , and W Schmidt Der Emfluss verschiedener Legie- 

rungsmetalle nebst Kohlenstoff auf einige physikalische Eigenschaf- 
ten des Eisens (The Influence of Various Alloying Elements Including 
Carbon on Some Physical Properties of Iron), Mitt. K -W Inst 
Eisenforschung, v 2, 1921, pp 5-38 

76 Moore, H F , and J B Kommbrs* An Investigation of the Fatigue 

of Metals, Umv. of Illinois Exp Sta , Bull 124, 1921, 178 pp. 

77 Sykes, W. P . Effect of Temperature, Deformation, Gram Size, and 

Rate of Loading on Mechanical Properties of Metals, Trans. Am. 
Inst Min. Met. Eng , v 64^ 1921, pp 780-815. 

78 Welter, G : Elastizitat und Pestigkeit von Spezialstkhlen bei hohen 

Temperaturen (Elasticity and Strength of Special Steels at High 



684 


THE ALLOYS OF IRON AND CARBON 


Temperatures), Forschungsarbeiten a d. Gebiete d. Ingenieurwesenst 
No. 230, Verem deutscher Ingenieure, Berlin, 1921, 65 pp. 

1922 

79 American Society for Testing Materials* Preliminary Report of 

the Joint Committee on Investigation of Phosphorus and Sulphur 
in Steel, Proc Am, Soc Test Mat , v 22, part 1, 1922, pp 94-130 

80 Batson, R G , and J H Hyde. “Mechanical Testing,” E P Dutton 

& Company, Inc , New York, 1922-1923, 2 vols 

81 Bridgman, P W : The Compressibility of Thirty Metals as a Function 

of Pressure and Temperature, Proc Am Acad. Arts and Set , v 68, 
1922-1923, pp 165-242 

82 Cheney, W L : Preparation and Properties of Pure Iron Alloys II 

Magnetic Properties of Iron-carbon Alloys as Affected by Heat 
Treatment and Carbon Content, Bur Stand Set Paper 463, v 18, 
1922-1923, pp. 609-636. 

83 Elliott, G K . Cast Iron as Produced in the Electnc Furnace and 

Some of Its Problems, Trans Am Electrochem Soc , v 41, 1922, 
pp 21-44. 

84 French, H J , and W G Johnson Effect of Heat Treatment on the 

Mechanical Properties of One Per Cent Carbon Steel, Trans Am 
Soc Steel Treat , v 2, 1922, pp 467-494 

85 Guillet, L , and J Cournot Sur la variation des propri6t6s m6can- 

iques de quelquos m4taux et alliages aux basses temperatures 
(Variation of Mechanical Properties of Some Metals and Alloys at 
Low Temperatures), Rev de MH , M^m , v 19, 1922, pp 215-221 

86 Hadfield, R a . Corrosion of Ferrous Metals, Min Proc Inst. Civil 

Eng , V ‘^14, 1922, pp 83-195 Abst : J Iron Steel Inst , v 105, 
1922, p 644 

87 Harper, J. F , and R S MacPherran. Annealing Gray Cast Iron, 

Trans Am Foundrymen*s Assoc ^ y 30, 1922, pp 167-185 

88 Kikuta, T . On the Growth of Gray Cast Iron during Repeated 

Heatings and Coolings, Sci Rep , Sendai, ser. 1, v 11, 1922, pp 1-17 

89 Korber, F.* Uber die mechamschen Eigenschaften und das Gefuge 

kntisch gereckten und gegluhten Weicheisens (Mechanical Proper- 
ties and Structure of Critically Cold-worked and Annealed Mild 
Steel), Mitt K -W Inst EisenforscHungy v 4, 1922, pp 31-60 

90 Lea, F. C : The Effect of Temperature on Some of the Properties of 

Metals, Proc Inst. Mech Eng , 1922, part 2, pp 885-912 Also 
Engineering^ v. 113, 1922» pp. 829-832 

91 Marshall, L H : Embnttlement of Malleable Cast Iron Resulting 

from Heat Treatment, Bur, Stand Tech Paper 245, v. 17, 1922- 
1924, pp 677-693 

92. Phillips, A , and E. S Davenport* Malleablizmg of White Cast 
Iron, Trans Am Inst Min Met Eng , v. 67, 1922, pp. 466-497 
93 Rawdon, H S , and S Epstein* Structure of Martensitic Carbon 
Steels and Changes m the Microstructure Which Occur upon 



BIBLIOGRAPHY 


685 


Tempering, Bur Stand Set Paper 462, v 18, 1922-1923, pp 373- 
409 

94 Schwartz, H. A American Malleable Cast Iron,^* Penton Publish- 

ing Co , Cleveland, 1922, 416 pp 

95 Webster, W. R . Application in Rolling of Effects of Carbon, Phos- 

phorus, and Manganese on Mechanical Properties of Steel, Trans 
Am Inst Mtn Met Eng , v. 67, 1922, pp 220-256 

96 WusT, F , and G Schitzkowski* I^influss einiger Fremdkorper auf 

die Schwmdung des Eisens (Influence of Foreign Matter on the 
Shrinkage of Iron), Mitt K -W. Inst Etsenforschungj v 4, 1922, 
pp 105-124 Condensed: Stahl u Eisen^ v. 43, 1923, pp. 713-720 

1923 

97. Bean, W. R : Deterioration of Malleable in the Hot-dip Galvanizing 

Process, Trans Am Inst Min Met Eng , v 69, 1923, pp 896-931 

98. Calcott, W S,J C Whetzel, and H F Whittaker ‘‘Monograph 

on Corrosion Tests and Materials of Construction for Chemical 
Engineering Apparatus,^^ Am Inst. Chem. Eng , New York, 1923, 

182 pp 

99 French, H J , and W A Tucker. Strength of Steels at High Tem- 
peratures, Iron Agey v 112, 1923, pp 193-195, 275-278 

100 Ito, K The Hardness of Metals as Affected by Temperature, Set Rep , 

Sendai, ser 1, v 12, 1923, pp 137-148 

101 Langenberg, F. C : An Investigation of the Behavior of Certain 

Steels under Impact at Different Temperatures, Iron Steel Inst , 
Carnegie Schol Mem , v. 12, 1923, pp 75-112 

102 Langenberg, F C . Investigation of the Influence of Temperature 

on the Charpy Impact Value of a Group of Steels of Varying Com- 
positions, Yearbook Am Iron Steel Inst , v 13, 1923, pp 349-381 

103 Lea, F C . The Effect of Repetition Stresses on Materials, Engineeringy 

V 115, 1923, pp 217-219, 252-254 

104 McAdam, D J , Jr. : Endurance Properties of Steel Their Relation to 

Other Physical Properties and to Chemical Composition, Proc. Am 
Soc Test Mat , v 23, part 2, 1923, pp 56-129 
106 Pilling, N B , and R E Bed worth. The Oxidation of Metals at 
High Temperatures, J Inst Metals, v. 29, 1923, pp 62^591. 

106 PoLLiTT, A A : “Causes and Prevention of Corrosion,^’ Ernest Benn, 

Ltd , London, 1923, 230 pp 

107 Rees, S H Effect of Ix)w-temperature Annealing on Some Mechanical 

Properties of Cold-drawn Steels, J Iron Steel Inst , v. 108, 1923, 
pp. 273—283 

108. Webster, W R * Continued Discussion on the Physics of Steel, Trans 
Am Inst Min Met Eng,, v. 69, 1923, pp 715-721 

1924 


109. Aitchison, L., and staff: Notched Bar Impact Tests at Low Tempera- 
tures, Reports and Memoranda No 922, Aeronautical Research 



686 


THE ALLOYFi OF IRON AND CARBON 


Committee, National Physical Laboratory, Engineering Dept , 
October, 1924, 19 pp 

110 American Society of Mechanical Engineers and American Society for 

Testing Materials . Symposium on Effect of Temperature upon Prop- 
erties of Metals, Proc Am Soc Test Mat , v 24, part 2, 1924, pp 
9-188 

111 American Society for Testing Materials : Report of the Joint Committee 

on Investigation of Phosphorus and Sulphur m Steel, Proc Am Soc 
Test Mat , v 24, part 1, 1924, pp 96-107 

112 Bach, C , and R Baumann. “Elastizitat und Festigkeit^' (Elasticity 

and Strength), Julius Springer, Berlin, 9th ed , 1924, 687 pp 

113 Bancroft, W D : The Electrolytic Theory of Corrosion, J Phys 

Chem , V 28, 1924, pp 785-871 

114 Benedicks, C , D W Berlin, and G Phragm:6n. A Method for the 

Determination of the Specific Gravity of Liquid Iron and Other 
Metals of High Melting Point, Iron Steel Inst , Carnegie Schol 
Mem , V 13, 1924, pp 129-166 

115 Dowdell, R L Investigation of the Treatment of Steel for Permanent 

Magnets, Trans Am Soc Steel Treat , v 5, 1924, pp 27-66 

116. Eicken, H , and W Heidenhain* Emfluss von Ziehgeschwmdigkeit, 

Querschnittsabnahme und Kohlenstoffgehalt auf die mechamschen 
Eigenschaften gezogener Stahldrahte Kraftbedarf beim Ziehen 
(Influence of Speed of Drawing, Reduction of Cross-section, and 
Carbon Content on the Mechanical Properties of Drawn Steel Wires 
Energy Consumption m Drawing), Stahl u. Eisen, v. 44, 1924, pp 
1687-1694 

117. Freeman, J R., Jr , and A T Derry Effect of Hot-rollmg Conditions 

on the Physical Properties of a Carbon Steel, Bur Stand Tech 
Paper 267, v 18, 1924^1925, pp 547-666 

118 Gale, R C • Note on Temper’^ Colors, J Soc Chem, Indy v. 43, 

1924, pp 349-362T 

119 Gillett, H W , and E L Mack Notes on Some Endurance Tests of 

Metals, Proc Am Soc Test Mat , v 24, part 2, 1924, pp 476-546; 
discussion, pp 601-617 

120 Greaves, R H Gun Wire The Effect of Low-temperature Heat 

Treatment on the Properties of Cold-drawn Steel Wire and on 
Its Behavior under Stress at Raised Temperatures, Research Dept 
Woolwich, Rep 60, 1924, 31 pp 

121 Grotts, F • Broadening the Field for Steel Castings through the 

Use of Alloys and Heat Treatment, Trans Am Foundrymen^s 
Assoc , V 32, part 1, 1924, pp 730-745. 

122 Harper, J F , and H J Stein* The Microscope as a Control Instru- 

ment in Annealing Steel Castings, Trans, Am Foundrymen^s Assoc , 
V. 32, part 1, 1924, pp. 679-692 

123 Hoyt, S L . The Ball Indentation Hardness Test, Trans Am Soc 

Steel Treat , v. 6, 1924, pp 396-420 

124 Jasper, T. M.: Determination of Poisson’s Ratio and a Suggestion 

for Its Use in Stress Analysis, Proc. Am. Soc. Test Mat , v 24, 
part 2, 1924, pp. 1012-1023. 



BIBLIOGRAPHY 


687 


125 Jeffribs, Z., and R. S. Archer: *'The Science of Metals,” McGraw- 

Hill Book Company, Inc , New York, 1924, 460 pp 

126 Korber, F , and A Pomp Emfluss der Vorbehandlung auf die Kerb- 

zahigkeit des Flusseisens in der Kalte und Warme (Influence of 
Previous Treatment on the Notch Toughness of Mild Steel at 
High and Low Temperatures), Mitt K -W Inst Etsenforschung, 

V 6, 1924, pp 33-41 

127 Lessblls, J. M • Carbon and Carbon- vanadium Steel Castings — A 

Comparison, Trans Am Soc Steel Treat , v 6, 1924, pp 144-157 

128 Lester, H H * X-ray Tests Applied to the Problems of the Steel 

Foundry, Trans. Am Soc Steel Treat , v 6, 1924, pp 575-605 

129 MacPherran, R S , and J F Harper Spheroidized Cementite in 

Hypoeutectoid Steel, Trans Am Soc Steel Treat , v 6, 1924, pp 
341-374 

130 Maurer, E • tJber ein Gusseisen Diagrarnm (A Cast-iron Diagram), 

Kruppsche Monatshefte, v 5, 1924, pp 115-122 Abst Stahl 
u Etsen, v 44, 1924, pp 1522-1524 

131 McAdam, D j , Jr Accelerated Fatigue Tests and Some Endurance 

Properties of Metals, Proc Am Soc Test Mat , v 24, part 2, 1924, 
pp 454-475 

132 Moore, H F , and T M Jasper An Investigation of the Fatigue 

of Metals, Univ of Illinois Exp Sta , Bull 142, 1924, 86 pp 

133 O^Neill, H The Effect of Cold Work upon the Density of Crystals 

of Alpha Iron, J Iron Steel Inst , v 109, 1924, pp 93-128 

134 Pardun, C : tJber die wissenschafthchen Grundlagen des Schleuder* 

gusses (The Scientific Principles of Centrifugal Casting), Stahl u. 
Etsen, V 44, 1924, pp 905-911, 1044-1048, 1200-1208 Abst 
Foundry Tr J , v 30, 1924, pp 295-296 

135 Petrenko, S N Physical Properties of Materials, Bur, Stand Ctrc. 

101, 2d ed , 1924, 204 pp 

136 Rother, W H Strength of Cast Iron and Its Thickness, Iron Age, 

V 114, 1924, pp 326-327 

137 Sauveur, a What Is Steel?, Trans Am Inst Mtn Met Eng , v. 70, 

1924, pp 3-24 

138 ScHARLiBBE, L : Discussion of paper by F Korber Emfluss der 

Temperatur auf die Festigkeitseigenschaften von Stahlguss (Effect 
of Temperature on Tensile Properties of Cast Steel), Stahl u Etsen, 

V 44, 1924, pp 1765-1771 

139 Smith, R H.: High Tensile Strengths with Low-carbon Steels, Proc 

Am Soc Test Mat , v 24, part 2, 1924, pp 618-625 

140 Spalding, S C : Comparison of Bnnell and Rockwell Hardness of 

Hardened High Speed Steel, Trans Am Soc Steel Treat , v 6, 
1924, pp 499-504 Ahai.: American Machtntst,^ 61, 1924, pp 759, 
760 

141 Sykes, W P : Tensile Properties of Some Steel Wires at Liq- 

uid-air Temperatures, Trctm. Am Soc Steel Treat , v 6, 19^4, 
pp 138-144 

142 Wilhelm, R B.: (Tensile Properties of Medium-carbon Steel at 

Temperatures between 20 and 500®C.), Discussion of ^‘Symposium 



688 


THE ALLOYS OF IRON AND CARBON 


on Effect of Temperature upon the Properties of Metals/' Proc, 
Am. Soc Test. Mat , v 24, part 2, 1924, pp. 142-153 

143 WooDviNB, J G R : The Behavior of Case-hardened Parts under 

Fatigue Stresses, Iron Steel Inst , Carnegie Schol Mem , v 13, 1924, 
pp 197-237 

144 Ybnsen, T D : Magnetic Properties of the Ternary Alloys Fe-Si-C, 

Trans Am. Inst Elec Eng , v 43, 1924, pp 145-175 Condensed: 
J Am Inst Elec Eng , v 43, 1924, pp 558-567 

1925 

145 Adam, A T • ^‘Wire Drawing and the Cold Working of Steel,” With- 

erby, London, 1925, 212 pp 

146 Aitchison, L , and L W Johnson The Effect of Gram upon the 

Fatigue Strength of Steels, J Iron Steel Inst , v 111, 1925, pp 
351-378 

147 American Society for Testing Materials* Report of Subcommittee 

V on Microhardness, Proc Am Soc Test Mat , v 25, part 1, 1925, 
pp. 442-443 

148 Bardenhbuer, P , and C Ebbefeld Beitrag zur Analyse des Sehwin- 

dungsvorganges von weissem und grauem Gusseisen (The Shrinkage 
Process in White and Gray Cast Iron), Mitt K -W Inst Eisenfor- 
schungy v 6, 1925, pp 45-60. Also Gtessereiy v 12, 1925, pp 777- 
781 Also: Stahl u Eiseny v 45, 1925, pp 1022-1027 

149 Benedicks, C . Action of Hot Wall a Factor of Fundamental Influ- 

ence on the Rapid Corrosion of Water Tubes and Related to the 
Segregation in Hot Metals, Trans Am Inst Min Met Eng , v 71, 
1925, pp 597-626 

150 Camp, J M , and C B Francis. ‘‘The Making, Shaping and Treating 

of Steel,” Carnegie Steel Co , Pittsburgh, 4th ed , 1925, 1142 pp 

151 Cowdrey, I. H . Relation between Rockwell and Brinell Hardness, 

Trans Am. Soc Steel Treat , v. 7, 1925, pp 244-251 

152 Donaldson, J. W : Low-temperature Heat Treatment of Special Cast 

Irons, Foundry Tr. J , v. 31, 1925, pp 517-522 Abst J Iron 
Steel Inst , v. 112, 1925, pp. 461-462 

153. French, H. J , and W A. Tucker: Flow m a Low-carbon Steel at 

Vanous Temperatures, Bur. Stand Tech Paper 296, v 19, 1925, 
pp 610-640 

154. Gillbtt, H W., and E L Mack: “Molybdenum, Cerium and Related 

Alloy Steels,” Chemical Catalog Company, Inc , New York, 1925, 
299 pp 

155. Greaves, R. H , and J. A Jones: The Effect of Temperature on the 

Behavior of Iron and Steel in the Notched-bar Impact Test, J 
Iron Steel Inst.y v. 112, 1925, pp 123-165 Also* J Inst MetalSy v 
34, 1925, pp 85-101. 

156 Hadfield, R. a.* I Some Notes with Reference to the Author’s 
Association with French Metallurgy (1889-1925) and the Important 
Part Played by France in the Past. II Some Curious and Unex- 



BIBLIOGRAPHY 


689 


plained Facts Connected with Manganese Steel, J Soc. Chem. 
Ind , V 44, 1925, pp 1029-1044R 

167 Hayes, A , and H E Flanders* One of the Causes of Variations in 
Rates of Graphitization of White Cast Iron, Trans Am. Foundry- 
men^ s Assoc , V. 33, 1925, pp 634-638 

158 Hayes, A , and G C. Scott. The Catalysis of the Graphitization of 

White Cast Iron by the Use of Carbon Monoxide-Carbon Dioxide 
Mixtures when Applied under Pressure, Trans Am Foundrymen^s 
Assoc , V 33, 1925, pp 574-609 

159 Heyn, E ^‘Physical Metallography,’^ Translated and augmented by 

M A Grossmann, John Wiley & Sons, Inc , New York, 1926, 
440 pp 

160 Jasper, T M Typical Static and Fatigue Tests on Steel at Elevated 

Temperatures, Proc Am Soc Test Mat , v 26, part 2, 1925, pp 
27-52 

161 Korber, F , and A. Pomp Festigkeitseigenschaften von Stahlguss bei 

erhohter Temperatur (Tensile Properties of Cast Steel at Elevated 
Temperatures), Mitt K -W Inst Eisenforschung, v 6, 1925, pp 
21-31 

162 Korber, F , and A Pomp Emfluss der Vorbehandlung auf die mecha- 

nischen Eigenschaften von Kohlenstoff- und legiertem Stahl, 
insbesondere die Kerbzahigkeit in der Kalte und Warme (Influence 
of Protreatment on the Mechanical Properties of Carbon and Alloy 
Steels, especially the Notch-toughness at High and Low Tempera- 
tures), Mitt K -W Inst Eisenforschung y v 7, 1925, pp 43-57 

163 Mathews, J A Retained Austenite — A Contribution to the Metal- 

lurgy of Magnetism, Trans Am Soc Steel Treat , v 8, 1925, pp 
565-588 

164 McIntosh, F F , and W L Cockrell The Effect of Phosphorus 

on the Resistance of Low-carbon Steel to Repeated Alternating 
Stresses, Carnegie Inst Tech , Mm Met Investigations, Bull 25, 
1925, 31 pp 

166 McNamara, C J , and C H Lorig A Consideration of the Annealing 
Operation in the Malleable Foundry, Trans Am Foundrymen^s 
Assoc , V 33, 1925, pp 624-633 

166 Meyer, H , and W Wesseling Die Anderung der Festigkeitseigen- 

schaften uberwiegend perlitischer Stable durch Wkrmebehandlung 
(Changes in the Tensile Properties of Pearlitic Steels due to Heat 
Treatment), Stahl u Eisen^ v 45, 1925, pp 1169-1173 

167 Oberhofper, P , and E Piwowarsky Uber das Wachsen von Grauei- 

sen (The Growth of Gray Iron), Stahl u Eisen, v 45, 1925, pp. 
1173-1178 

168 Partridge, J H : The Magnetic and Electrical Properties of Cast 

Iron, J. Iron Steel Inst , v 112, 1925, pp 191-224 

169 Piwowarsky, E . tTber den Emfluss der Temperatur auf die Graphit- 

bildung in Ro.h- und Gusseisen (The Effect of Temperature dn 
Graphite Formation in Pur and Cast Irons') Stahl u Etsen. v 45 
1925, pp 1455-1461 



690 


THE ALLOYS OF IRON AND CARBON 


170. Smith, R. H. Some Physical Properties of Low-carbon Steels, Trans 

Am Soc Steel Treat , v 7, 1925, pp 569-580 

171. White, A. E . Heat Treatment Data on Quality Steel Castings, 

Trans Am. Soc Mech Eng, v 47, 1925, pp 821-838. Abst.: 
Mech Eng , v. 48, 1926, pp 497-500. 

1926 

172 American Society for Testing Materials* Report of Committee A-5 on 

Corrosion of Iron and Steel, Proc Am Soc Test Mat , v 26, part 1, 
1926, pp 129-142; v 28, part 1, 1928, pp 155-163, v 32, part 1, 
1932, pp 105-109 

173 American Society for Testmg Materials. Report of Committee E-1 

on Methods of Testing Appendices III and IV (Impact Testing), 
Proc Am Soc Test Mat , v 26, part 1, 1926, pp 546-560 

174 Benedicks, C , H Backstrom, and P Sederholm Anomalies m 

Heat Conduction as Investigated in Spherical Steel Specimens 
with Some Determinations of Thermal (and Electrical) Conductivity 
in Iron and Carbon Steels, J Iron Steel Inst , v 114, 1926, pp 
127-175 

175 Brumfield, R C • Some Comparisons between Rockwell and Brmell 

Hardness, Trans Am Soc Steel Treat , v 9, 1926, pp 841-856 

176 Evans, U R * ^‘The Corrosion of Metals,^’ Edward Arnold & Com- 

pany, London, 2d ed , 1926, 259 pp 

177 Fox, E J , and P H Wilson The Principles of Centrifugal Casting 

as Applied to the Manufacture of ^‘Spun’’ Iron Pipes, Foundry Tr 
J,Y 33, 1926, pp 23-26, 43-48 

178 Gough, H J : ^^The Fatigue of Metals,'^ Ernest Benn, Ltd , London, 

1926, 304 pp 

179 Greaves, R H , and J A Jones The Ratio of the Tensile Strength 

of Steel to the Brmell Hardness Number, J Iron Steel Inst , v 113, 
1926, pp 335-353 

180 Honda, K , and T Tanaka On the Moduli of Elasticity and Rigidity 

and Their Change Caused by Magnetisation in Different Kinds of 
Steels, Set. Rep , Sendai, ser 1, v 15, 1926, pp 1-37 

181 Hurst, J E : Some Notes on the Development of the Centrifugal 

Casting Process in Great Britain and Europe, Trans Am Foundry- 
men*s Assoc , v 34, 1926, pp 163-176 

182 Irresberger, C : Agitation Improves Iron, Foundry^ v 54, 1926, 

pp 773-774 

183 IsHiGAKi, T . The Change in the Hardness and Density in Iron and 

Steel Caused by Cold Working, Sm Rep , Sendai, ser 1, v 15, 1926, 
pp 777-794 

184 Kikuta, T . On Malleable Cast Iron and the Mechanism of Its Graphi- 

tization, Sci Rep , Sendai, ser 1, v 15, 1926, pp 115-156 
185. KiikfBER, H. P , and S M Udale Some Considerations of Metal for 
Heavy Iron Castings in Permanent Molds, Trans Am Foundrymen's 
Assoc.f V 34, 1926, pp. 195-203. 



BIBLIOGRAPHY 


691 


186 Lehmann, 0 H Die Abnutzung des Gussejsens bei glei tender Reibung 
(The Wear of Cast Iron under Sliding Friction), Gtesseret Zettungj v 
23, 1926, pp 697-600, 623-627, 664-656 Abst : Foundry, v 65, 
1927, pp 722-723 

187. Ludwik, P . Streckgrenze, Kalt- und Warmsprodigkeit (Yield Strength, 
Cold and Hot Brittleness), Z, Ver. deutsch, Ing , v 70, 1926, pp 
379-386 

188 Marshall, L H . Process for Prevention of Embrittlement in Mallea- 

ble Cast Iron, Am Inst Mm Met Eng , Preprint 1572C, February, 
1926, 8 pp 

189 Me Ad AM, D J , Jr • Stress-strain Cycle Relationship and Corrosion 

Fatigue of Metals, Proc Am Soc Test Mat , v 26, part 2, 1926, 
pp 224-254; discussion, pp 269-280 

190 Moldenke, R Permanent and Long Life Molds, Tra/is Am Foundry- 

men's Assoc , V 34, 1926, pp 204-213 

191 Moore, H F.. Tests of the Fatigue Strength of Cast Steel, Univ of 

Illinois Exp Sta , Bull 156, 1926, 18 pp 

192 O’Neill, H Hardness and Its Relation to the Cold-working and 

Machining Properties of Metals, part 1 , Iron Steel Inst , Carnegie 
Schol Mem , v 15, 1926, pp 233-279 

193 Parr, S W , and F G Straub The Cause and Prevention of Embrit- 

tlement of Boiler Plate, Proc Am Soc Test Mat , v 26, part 2, 
1926, pp 52-91 

194 Pi wow ARSKY, E Progress in the Production of High-test Cast Iron, 

Trans Am Foundrymen's Assoc, v 34, 1926, pp 914-985 

195 Rother, W H , and V Mazurie The Strength of Cast Iron m Rela- 

tion to Its Thickness, Trans Am Foundrymen' s Assoc , v 34, 1926, 
pp 746-765 

196 SrHWARTZ, H A : A Permanent Mold Process, Trans Am Foundry- 

men's Assoc , V 34, 1926, pp 182-203 

197 Schwartz, H A : Graphitization at Constant Temperature, Trans 

Am Soc Steel Treat , v 9, 1926, pp 883-906 

198 Schwartz, H A, and H H Johnson Graphitization at Constant 

Temperature below the Critical Point, Trans Am Soc Steel Treai , 

V 10, 1926, pp 965-970 

199 Scott, H Dimensional Changes Accompanying the Phenomena of 

Tempering and Aging Tool Steels, Trans Am Soc Steel Treat , 

V 9, 1926, pp 277-304, 

200 Speller, F N . “Corrosion, Causes and Prevention,” McGraw-Hill 

Book Company, Inc , New York, 1926, 621 pp 

201 Talbot, A N , and F E Rich art: A Study of the Relation between 

Properties of Cast-iron Pipe Tested under Impact, Internal Pressure, 
and Flexure, and the Corresponding Properties Found in Several 
Kinds of Test Specimens Taken therefrom, Proc Am. Soc. Test 
Moi., V 26, part 2, 1926, pp 185-217 

202 Turner, T. H, and N F Budgbn: “Metal Spraying,” Gnffin anrf 

Co , Ltd , London, 1926, 175 



692 


THE ALLOYS OF IRON AND CARBON 


203. Wedbmeybr, 0 : Der Einfluss emer langeren Erhitzung auf die 
Auskristallisation von gebundenem Kohlenstoff im Gusseisen (The 
Influence of Prolonged Heating on the Formation of Combined 
Carbon in Cast Iron), Stahl u Etsen, v. 46, 1926, pp. 567-560. 
Abst Foundry Tr /., v. 33, 1926, p. 411. 

1927 


204. American Society of Mechanical Engineers and American Society 
for Testing Materials* Report of Joint Research Committee on 
Effect of Temperature on the Properties of Metals, Proc Am Soc 
Test Mat , v 27, part 1, 1927, pp 139-162 Subsequent reports, 
thtd , V 28, part 1, 1928, pp. 103-104; v 30, part 1, 1930, pp 93-95; 

V 31, part 1, 1931, pp. 106-128; v 32, part 1, 1932, pp 148-192; 
V. 33, part 1, 1933, pp 209-225; v 34, part 1, 1934, pp 207-216 

205 Benedicks, C , and H Lofquist. Theory of the Growth of Cast Iron 

Repeatedly Heated, J Iron Steel Inst , v. 115, 1927, pp 603-645 

206 C APRON, J D : Centrifugal Casting Processes, Yearbook Am Iron 

Steel Inst , v 17, 1927, pp 69-78. 

207 Coyle, F B : Properties and Heat Treatment of Cast Iron for Diesel 

Engines, Trans Am Soc Steel Treat , v 12, 1927, pp 446-466 

208 Cross, H C , and E E Hill Density of Hot-rolled and Heat-treated 

Carbon Steels, Bur Stand Set Paper 662, v 22, 1927-1928, pp 
451-466 

209 Donaldson, J W . The Heat Treatment and Growth of Cast Iron, 

Foundry Tr J , y 35, 1927, pp 143-146, 167-171 

210 Freeman, J. R , Jr , R L Dowdell, and W G Berry Endurance 

and Other Properties of Rail Steel, Bu? Stand Tech Paper 363, 

V 22, 1927-1928, pp 260-366 

211 French, H. J : Wear Testing of Metals, Proc Am Soc. Test Mat , 

V 27, part 2, 1927, pp 212-234 

212 French, H. J , H. C Cross, and A. A Peterson Creep in Five 

Steels at Different Temperatures, Bur Stand Tech Paper 362, 

V 22, 1927-1928, pp 235-268 

213 Honda, K , and H Endo* On the Volume Change in Cast Iron during 

Solidification, with a Criticism of the Double Diagram of the Iron- 
carbon System, Set Rep , Sendai, ser 1, v 16, 1927, pp 9-26. 

214 Jones, H A., I. Langmuir, and G M. J Mack ay: The Rates of 

Evaporation and the Vapor Pressures of Tungsten, Molybdenum, 
Platinum, Nickel, Iron, Copper, and Silver, Physical Rev , ser. 2, 
V. 30, 1927, pp 201-214. 

215 Lattr6, G. de: Protection des m4taux contre la corrosion (Protection 

of Metals against Corrosion), Impr de T^dition et de Tindustne, 
Montrouge (Seme), 1927, 205 pp. 

216. Lessells, j. M.: Fatigue Strength of Hard Steels and Their Relation 
to Tensile Strength, Trans. Am. Soc. Steel Treat., v 11, 1927, pp 
413-424. 



BIBLIOGRAPHY 


693 


217 Mackenzie, J T.: Cast Iron Pipe Centrifugally Made m Sand Molds, 

Yearbook Am, Iron Steel Inst , v 17, 1927vPP 466-480 

218 Masumoto, H On the Electrical and Thermal Conductivities of 

Carbon Steel and Cast Iron, Sci Rep , Sendai, ser 1, v. 16, 1927, 
pp 417-435. 

219. Maurer, E , and P Holtzhaussen. Das Gusseisendiagramm von 
Maurer bei verschiedenen Abkuhlungsgeschwindigkeiten (Maurer^s 
Cast-iron Diagram for Different Cooling Rates), Stahl u Etsen, v 
47, 1927, pp 1805-1812, 1977-1984 Abst Fmndry Tr J , y 37, 
1927, pp 222-224 

220 Me Adam, D J , Jr : Corrosion Fatigue of Metals as Affected by 

Chemical Composition, Heat Treatment, and Cold Working, Trans. 
Am. Soc Steel Treat , v 11, 1927, pp 355-390 

221 Me Ad AM, D J , Jr Corrosion Fatigue of Non-ferrous Metals, Proc 

Am Soc Test Mat , v 27, part 2, 1927, pp 102-127, discussion, 
pp 134-152 

222 McAdam, D j , Jr Fatigue and Corrosion Fatigue of Metals, Int 

Cong Test Mat , Amsterdam 1927, v 1, pp 305-358 

223 Meyer, F Emwirkung emer weitgehenden Uberhitzung auf Gefuge 

und Eigenschaften von Gusseisen (Effect of High Superheat on the 
Structure and Properties of Cast Iron), Stahl u Exsen^ v. 47, 1927, 
pp 294-297 

224 Moore, H F, and J B Kommers ^‘The Fatigue of Metals,” Mc- 

Graw-Hill Book Company, Inc , New York, 1927, 326 pp 

225 Moore, H F , and S W Lyon Tests of the Endurance of Gray Cast 

Iron under Repeated Stress, Proc Am Soc Test Mat , v 27, part 2, 
1927, pp 87-101; discussion, pp 134-152 

226 Moore, H F , S W Lyon, and N P Inglis Tests of the Fatigue 

Strength of Cast Iron, Univ of Illinois Exp Sta , Bull 164, 1927, 
47 pp 

227 Moore, R R Relationships between the Rockwell, Brinell, and 

Scleroscope Numbers, Trans Am Soc Steel Treat , v 12, 1927, 
pp 968-975 

228 Orrok, G a High-pressure Steam Boilers, Trans. Am. Soc Mech 

Eng , V 49-50, 1927-1928, FSP-50-32, pp 47-67 

229 Pomp, A , and W Albert: Einfluss des Kaltziehens auf die Festig- 

keitseigenschaften und das Gefuge von nahtlosen Stahlrohren 
verschiedener Vorbehandlung (Influence of Cold Drawing on the 
Strength and Structure of Seamless Steel Tubing after Various 
Treatments), Mitt K -W Inst Exsenforschungy v 9, 1927, pp 53-93 

230 Pomp, A , and A Dahmen* Entwicklung ernes abgektlrzten Pruf- 

verfahrens zur Ermittlung der Dauerstandfestigkeit von Stahl bei 
erhohten Temperaturen (Development of an Accelerated Creep 
Test Method for Steel), MUt K -W Inst Exsenforschungy v 9, 
1027, pp. 33-52 

231. Priester, G C, and F J Curran Mechanical and Machining 
Properties of an Annealed dast Iron, Trans Am Soc. Steel Treaty 
v. 11, 1927, pp. 741-762. 



694 


THE ALLOYS OF IRON AND CARBON 


232. Rawdon, H. S , and T Berqlund: Unusual Features in the Micro 

structure of Ferrijte, Bur. Stand Sci Paper 571, v 22, 1927-1928, 
pp 649-718. 

233. Roth, E. L : Effect of Heat Treatment on the Combined Carbon in 

Gray Cast Iron, Trans Am Soc Steel Treat , v 12, 1927, pp 27-40 
234 Saito, D , and H Sawamura* A New Phenomenon Concerning the 
Graphitization of White Cast Iron and Its Application to the 
Manufacture of Black Heart Malleable Castings, Mem Coll Eng , 
Kyoto Imp Umv , v 5, 1927, pp 1-59 

235. Satjerwald, F * Cber die Volumenge&taltung und den Molekularzu- 

stand des flussigen und festen Roheisens (The Volumetric and 
Molecular Conditions of Liquid and Solid Pig Irons), Stahl u. Eisen^ 

V 47, 1927, pp 27-28 Summarized from Z anorg allgem, Chem , 

V 135, 1924, pp. 327-332; v. 149, 1925, pp 273-282; and v 155, 

1926, pp 1-12 

236. Sharpe, D The Holley Peimanent Mould, Foundry Tr J , y 35, 

1927, pp 297-298, 370 

237. SiPP, K , and F Roll Das Wachsen des Gusseisens (The Growth 

of Cast Iron), Gtesserei Zetiung, v 24, 1927, pp 229-284 Abst • 
Foundry Tr / , v 36, 1927, pp 114-116 

238. Spooner, T ^‘Properties and Testing of Magnetic Materials,’’ 

McGraw-Hill Book Company, Inc , New York, 1927, 385 pp 

239 SwiNDEN, T , and G R Bolsover Some Notes on Cold-rolled Strip 

Steel, J Iron Steel Inst , v 115, 1927, pp 569-602 

240 Tapsell, H j , and W J Clenshaw Properties of Materials at 

High Temperatures II Mechanical Properties of 0 51 per cent 
C Steel and 0 53 per cent C Cast Steel, Dept Sci Ind Research, 
Eng Res , Special Rep 2, His Majesty’s Stationery Office, London, 
1927, 16 pp Abst Engineeringy v 124, 1927, p 837 
241. Thielmann, H , and A Wimmer Ober die mnere Reibung von 
flussigem Roheisen (Inner Friction m laqiud Pig Iron), Stahl u 
Eisen, V 47, 1927, pp 389-399 

242 Tomlinson, G A The Rusting of Steel Surfaces in Contact, Proc 

Royal Soc , London, v 115A, 1927, pp 472-483 

243 Vanick, j S , and T H Wickbnden Smooth Finish Machining of 

Low-carbon Plain and Alloy Steels, Trans Am. Soc Steel Treat , 
V. 11, 1927, pp 551-568 


1928 

244. American Society of Mechanical Engineers. A Bibliography on Effect 
of Temperature on Properties of Metals, A S M E Research Puhl , 
1928, 27 pp 

245 American Society for Testing Materials: Report of Committee A-3 

on Correlation Tension and Transverse Tests of Cast Iron, Proc 
Am Soc Test, Mat.y v 28, part 1, 1928, pp 142-145. 

246 American Society for Testing Materials* Report of Committee A-5 

on Corrosion of Iron and Steel, Proc Am Soc Test Mat , v 28, 
nart 1. 1928. n ISO. 



BIBLIOGRAPHY 


695 


247 BARDENHEUEit, P , jincl H Sf’HMiDT. Der Emfluss der Kaitverfcrmung 
\md dor Warmebehandlung auf die elektrische Leitfahigkeii/ \ui.. 
Kupfer, Aluminium und Eisen (The Influence of Cold Working and ol 
Heat Treatment on the Electric Conductivity of Copper, Aluminum, 
and Iron), Mitt K -W Inst Eisenforschung, v 10, 1928, pp 193-212 
248. Bardenheuer, P , and K L Zeyen Beitrage zur Kenntnis des 
Graphits im grauon Gusseisen und semes Emflusscs auf die Festigkeit 
(Graphite m Gray Iron and Its Influence on Its Strength), Mitt 
K -W Inst Eisenforschung^ v 10, 1928, pp 23-63 Also* Giesserei, 

V 15, 1928, pp 354-365, 385-397, 411-420 

249 Bolton, J. W On Research Problems of the Gray Iron Foundry, 

Trans Am Foundrymen*s Assoc , v 36, 1928, pp 469-612 

250 Boston, O W Machmability of Metals, Trans Am Soc Steel Treat , 

V 13, 1928, pp 49-94, 154 

251 Boylston, H M . “An Introduction to the Metallurgy of Iron and 

Steel,” John Wiley & Sons, Inc , New York, 1928, 571 pp 

252 Curran, J J , and J H G Williams Decarburization of High- 

carbon Steel in “Reducing” Atmospheres, Trans Am Soc Steel 
Treat , v 14, 1928, pp 809-830 

253 Donaldson, J W The Heat Treatment and Volume Changes of Gray 

Cast Irons between 15° and 600°C , Foundry Tr J , y 39, 1928, 
pp 299-303, 315-318 

254 Giraud, R Contribution k P^tude de P<Stirage ^ froid de Pacier doux 

(Cold Drawing of Mild Steel), Rev de MH , Mim , v 26, 1928, 
pp 175-194, 235-246, 347-354 

255 Greene, O V Locomotive Forging Steels, Trans Am Soc Stee! 

Treat , v 13, 1928, pp 573-602 

256 Hall, J H Steel Castings for Severe Service, Foundry Tr J , v 3? 

1928, pp 4-6 

257 Hankins, G A Torsional Fatigue Tests on Spring Steels, Dept 

Sci Ind Research, Eng Res , Special Rep 9, His Majesty^s Sta- 
tionery Office, London, 1928, 24 pp 

258 Hatfield, W H “Cast Iron m the Light of Recent Research,” 

Griffin and Co , Ltd , London, 1928, 340 op 

259 Inokuty, T . Tensile Test of Steels at High Temperatures, Sci Rep , 

Sendai, ser 1, v 17, 1928, pp 791-816 

260 Kanter, j j, and L W Spring “Long-time” or “Flow” Tests of 

Carbon Steels at Various Temperatures with Particular Reference to 
Stresses below the Proportional Limit, Proc Am Soc Test Mat.y 

V 28, part 2, 1928, pp 80-116 

261 Kenyon, R L * Armco Ingot Iron, Trans Am, Soc Steel Treat , v. 

13, 1928, pp 240-269, 435-472 

262 Korber, F , and A. Pomp. Mechanische Eigenschaften von Stahlguss 

bei erhohter Temperatur (Mechanical Properties of Cast Steel 
at Elevated Temperatures), Mitt K.-W Inst Eisenforschung, 

V 10, 1928, pp 91-105 

263 KOrber, F, and G Schitzkowski * * Beitrag zur Schwmdung von 

Stahlguss (Shrinkage of Cast Steel), Stahl u, Eiseny v. 48, 1928» 
pp. 129-135, 172-178 



696 


THE ALLOYS OF IRON AND CARBON 


264 Kuntzb, W . Der Bruch gekcrbter Zugproben (The Fracture of 

Notched Tensile Test Bars), Archiv f d Eisenhuttemveserif v 2, 
1928, pp 109-117. 

265 LXszl 6, F : Harte (Hardness), ** Werkstoff-Handbuch Stahl und 

Eisen,^^ section C-1, Stahleisen Verlag m b H , Dusseldorf, 1928, 
9pp 

266 Lehmann, K : Die Herstellung von Dauerformen fur Eisenguss 

(Production of Permanent Molds for Cast Iron), Gtesserety v 16, 
1928, pp 130-132 

267 Logan, K H , S P Ewing, and C D. Yoemans Bureau of Standards 

Soil Corrosion Studies, I, Bur Stand Tech Paper 368, v 22, 1928, 
pp 447-554 

268 Lorenz, A W A Modern Plant for the Heat Treatment of Miscel- 

laneous Steel Castings, Tram Am Foundrymen's Assoc , v 36, 
1928, pp 141-152 

269 McAdam, D. J , Jr . Corrosion of Metals as Affected by Time and 

by Cyclic Stress, Trans Am Inst Min Met Eng , v 78, 1928, 
pp 571-615. 

270 McAdam, D J , Jr * Some Factors Involved in Corrosion and Cor- 

rosion Fatigue of Metals, Proc Am Soc Test Mat , y 28, part 2, 
1928, pp 117-158, discussion, pp 168-173 

271 McMullan, O W Effect of Quenching Temperature Change on the 

Properties of Quenched Steel, Tians Am Soc Steel Treat , v 14, 
1928, pp 477-501 

272 Melmoth, F A . Variables in Steel Foundry Practice, Trans Am 

Foundrymen^s Assoc , v 36, 1928, pp 323-358 

273 Merten, W J : High-temperature Treatments of Castings and 

Forgings as Evidenced by Core Drill Tests from Heavy Sections, 
Trans. Am Soc Steel Treat , v 13, 1928, pp 1-28 

274 Naeser, G * Warmeleitfahigkeit (Thermal Conductivity), “Werk- 

stoff-Handbuch Stahl und Eisen,'^ section B-17, Verlag Stahleisen 
m b H , Dusseldorf, 1928, 4 pp. 

275 Neill, H . Hardness and Its Relation to the Cold-working and 
Machining Properties of Metals, part II, Iron Steel Inst , Carnegie 
Schol Mem^y 17, 1928, pp 100-156 

276 Partridge, J H . The Magnetic and Electrical Properties of Cast 

Iron, Iron Steel Imt , Carnegie Schol. Mem , v 17, 1928, pp 157-190 

277 Pearce, J G : The Use and Interpretation of the Transverse Test 

for Cast Iron, J. Iron Steel Imt , v. 118, 1928, pp 73-108 

278 Ppeil, L B : The Change in Tensile Strength Duo to Aging of Cold- 

drawn Iron and Steel, J Iron Steel Imt , v 118, 1928, pp 167-194 

279. PiwowARSKY, E , and H Esser: Das Wachsen von Gusseisen (Growth 

of Cast Iron), Gtessereij v 15, 1928, pp 1265-1270. 

280. PxjLLiN, V. E : X-ray Examination of Steel Castmgs, Proc. Imt 

Br Foundrymen, v 22, 1928-1929, pp 600-606 Abst : Foundry 
Tr. J , V. 39, 1928, pp. 357-359; illustrations, pp 416-417 

281. Rawdon, H S.: ‘^Protective Metallic Coatings,” Chemical Catalog 

Company, Inc., New York, 1928, 277 pp. 



BIBLIOGRAPHY 


697 


282 Stablein, F., and K. Schrobter. Die Bestimmung der magnetischen 
Sattigung von Eisencarbid (Determination of Magnetic Saturation 
of Iron Carbide), Z, anorg aUgem Chem , v 174, 1928, pp 193-216 
283. Wensel, H T., and W F Roeser* Temperature Measurements of 
Molten Cast Iron, Trans Am Foundrymen^s Assoc , v. 36, 1928, 
pp 191-212 

1929 

284 American Society for Testing Materials* Report of Research Com- 
mittee on Fatigue of Metals, Proc Am Soc Test Mat , v 29, 
part 1, 1929, pp 172-173, v 30, part 1, 1930, pp 259-310; v 31, part 
1, 1931, p 249; and v 32, part 1, 1932, pp 138-147 
286 Anon * Halbdauerform fur schwere Graugussstucke (Semipermanent 
Molds for Heavy Gray-iron Castings), Giesserei Zeitung^ v 26, 
1929, p 622 

286 Bardenheuer, P , and K L Zeyen Die tlberhitzung von Gusseisen 

(Superheating Cast Iron), Mitt. K -W Inst Eisenforschungy v. 11, 
1929, pp 225-235 Also Gtesserety v 16, 1929, pp 733-746 

287 Benedicks, C , N Ericsson, and G Ericson Bestimmung des 

spezifischen Volumens von Eisen, Nickel und Eisenlegierungen im 
geschmolzenen Zustand (Determination of the Specific Volume of 
Molten Iron, Nickel, and Iron Alloys), Archtv f d Eisenhuttenwesen, 

V 3, 1929, pp 473-486 Abst . Stahl u Etseny v 50, 1930, pp 
332-334 

288 Bolton, J W * Classification of Gray-iron Alloys, Proc. Am Soc. 

Test Mat , v 29, part 2, 1929, pp 67-76 

289 Bornstein, H Machinability and Wear, Proc Am Soc Test Mat , 

V 29, part 2, 1929, pp 166-168 

290 Clark, C L , and A E White Stability of Metals at Elevated 

Temperatures, Trans Am Soc Steel Treat , v 15, 1929, pp 670-714 

291 Coyle, F. B , and D M Houston High Strength Cast Iron, Trans 

Am Foundrymen* s Assoc , v 37, 1929, pp 469-484 

292 Crook, W J . Proposed Control Methods for Small Heat Treatment 

Plants, Trans Am Soc Steel Treat , v 16, 1929, pp 415-428 

293 Dean, R S , R O Day, and J L Gregg Relation of Nitrogen to 

Blue Heat Phenomena in Iron and Dispersion Hardening in the 
System Iron-nitrogen, Tians Am Inst Mtn Met Eng y v 84, 
1929, pp 446-453. 

294 Fettweis, F Die Kerbschlagprobe Entwicklung und Kritik (The 

Notched-bar Impact Test and Its Development A Criticism), 
Archtv f d Etsenhuttenweseny v 2, 1929, pp 625-674 
296 Freeman, J R , Jr , and H. N. Solakian. Effect of Service on the 
Endurance Properties of Rail Steels, Bur. Stand J. Resear chy v 3, 
1929, pp. 205-246. 

296 Gillett, H W.: The Need for Information on Notch Propagation, 
Metals & AUoySy v 1, 1929, pp 114-116. 

297. Girardbt, F : La fonte **gir4e^* (Swirled Cast Iron), Bull Soc. Ind. 
de VEsty No. 193, 1929, pp. 19-3* 



698 


THE ALLOYS OF IRON AND CARBON 


298 Gt^NTHER, K . ^‘Der Einfluss von Oberflachenbeschadigungen auf die 

Biegungsschwmgungsfestigkeit” (The Influence of Surface Imper- 
fections on Endurance), NEM Verlag, Berlin, 1929, 68 pp 

299 Haigh, B P.; Chemical Action in Relation to Fatigue of Metals, 

Tram Imt Chem Eng , v 7, 1929, pp 29-48 

300 Haigh, B P : The Relative Safeties of Mild and High-tensile Alloyed 

Steels under Alternating and Pulsating Stresses, J Soc Chem 
Ind , V 46, 1929, pp 23-30R; discussion, by J B Kommers, Engi- 
neering j V 132, 1931, p 249 

301 Hankins, G A . A Synopsis of the Present State of Knowledge of 

the Hardness and Abrasion Testing of Metals with Special Reference 
to the Work Done during the Period 1917-1927 and a Bibliography, 
Proc Inst Mech Eng , No 1, 1929, pp 317-387 Abst Engineer, 

V 148, 1929, pp 34-35, 61-63, 90-92 

302 Hankins, G A , and G W Ford The Mechanical and Metallurgical 

Properties of Spring Steels as Revealed by Laboratory Tests, 
J Iron Steel Inst , v 119, 1929, pp 217-253 

303 Hatfield, W H The Application of Science to the Steel Industry, 

Tram Am Soc Steel Treat , v 15, 1929, pp 474-502, 652-669, 
817-836, 968-1026, v 16, 1929, pp 121-154, 278-292 

304 Heller, A . Conversion of Hardness Numbers, American Machinist, 

V 70, 1929, pp 535-539, 583-586, 633-637 

305 Heuvers, a • Was hat der Stahlgiesser dem Konstrukteur uber 

Lunker- und Rissbildung zu sagen (What Can the Steel Foundryman 
Teach the Construction Engineer about Piping and Cracking), 
Stahl u. Eisen, v 49, 1929, pp 1249-1254 

306 Heydekampf, G S von “Eine Daucrbiegemaschine mit schwingendem, 

in der Messstrecke gleichmassig bcanspruchtem Probestab’^ (An 
Endurance Testing Machine), NEM Verlag, Berlin, 1929, 40 pp 

307 Houdremont, E , and R Mailander Dauerbiegeversuche init 

Stahlen (Fatigue Tests on Steels), Stahl u Eisen, v 49, 1929, pp 
833-839 

308 Hurst, J E ’ Melting Iron in the Cupola,^' Peiiton Publishing Co , 

Inc , Cleveland, 1929, 220 pp 

309 Jenkin, C F , and G D. Lehmann. High Frequency Fatigue, Proc 

Royal Soc , London, v 125A, 1929, pp 83-119 

310 Johnson, J B , and T T Oberg: Fatigue Resistance of Some Alumi- 

num Alloys, Proc Am Soc Test. Mat , v 29, part 2, 1929, pp 
339-352 

311 Kommers, J B : The Fatigue Properties of Cast Iron, Proc Am 

Soc Test. Mat , v 29, part 2, 1929, pp 100-108; discussion, pp 
163-164 

312. Kommers, J.' B The Relative Safeties of Mild and High-strength 
Steels under Fatigue Stresses, J. Soc. Chem Ind , v 48, 1929, pp 
1223-1227. 

313 Koster, W.: Der Einfluss einer Warmebehandlung unterhalb Ai auf 
die Eigenschaften des technischen Eisens (The Influence of Heat 
Treatment below Ai on the Properties of Commercial Iron), Archtv 
f. d. EtsenhuUenvoesen, v. 2, 1929, pp 603-522. 



BIBLIOGRAPHY 


699 


314. Krohnke, O., E Maass, and W Beck. “Die Korrosion unter Beriick- 
sichtigung des Materialschutzes^' (Corrosion and the Protection of 
Matenals), S Hirzel, Leipzig, 1929, 208 pp. 

316. KOhle, a.: Emfluss des Alterns und Blaubruchs auf die Dauerschlag- 
probe (Influence of Aging and Blue Brittleness on the Repeated 
Impact Test), Mitt Forsch.-Inst, Vereimgte Stahlwerkef A. G , y. 1, 
1929, pp. 83-102. 

316 Lea, F C : The Penetration of Hydrogen into Metal Cathodes and 

Its Effects upon the Tensile Properties of Metals and Their Resist- 
ance to Repeated Stresses; with a Note on the Effect of Non-elec- 
trolytic Baths and Nickel Plating on these Properties, Proc Royal 
Soc , London, v 123A, 1929, pp 171-185 

317 Logan, K H Soil Corrosion Studies 1927-1928, Bur Stand J 

Researchy v 3, 1929, pp 275-302 

318 MacPherran, R S Effect of Section and Various Compositions 

on Physical Properties of Cast Iron, Proc Am Soc Test Mat , 
V 29, part 2, 1929, pp 76-82 

319 MacPherran, R S High Test Cast Iron, Trans Am Foundrymen^s 

Assoc , V. 37, 1929, pp 495-500 

320 Marke, E Die Bedeutung der ersten Gluhung fur Qualitatsfeinbleche, 

ihr Emfluss auf die Enchsen-Tiefung und das Gefuge (The Impor- 
tance of the First Annealing of High-quality Steels, and Its Effect 
on the Erichsen Cup Depth and the Structure), Archtv f d Etsen- 
huttenweseUy v 2, 1929, pp 851-858 

321. Maurer, E , and K Schrobter Die Bestimmung des Austemtge- 
haltes durch Messung des magnetischen Sattigungswertes und die 
Vorgange beim Anlassen geharteter Stable (Determination of the 
Austenite Content by Measunng the Magnetic Saturation, and 
the Reactions in Tempering Hardened Steel), Stahl u Etseny v 
49, 1929, pp 929-940 

322 Me Ad AM, D J , Jr Corrosion of Metals as Affected by Stress, Time, 

and Number of Cycles, Trans Am Inst Mtn Met Eng , v 83, 1929, 
pp 56-110; discussion, pp 53-55 

323 Me Ad AM, D J , Jr : Corrosion of Metals under Cyclic Stress, Proc 

Am Soc Test Mat , v 29, part 2, 1929, pp 250-303 

324 Me Ad AM, D J , Jr : Fatigue and Corrosion Fatigue of Spring Material, 

Trans Am Soc Mech , v. 51, part 1, 1929, APM-51-5, pp 45-58 

325 Messkin, W. S.: Der Emfluss des Kaltreckens auf die magnetischen 

Eigenschaften ernes Kohlenstoffstahles (The Influence of Cold 
Drawing on the Magnetic Properties of a Carbon Steel), Archtv 
J d EtsenhuttenweseUy v. 3, 1929, pp. 417-425. 

326 Moore, H F.: The Fatigue of Metals — A Review of Progress from 

1920-1929, Yearbook Am Iron Steel InsLy v 19, 1929, pp 304-336 

327 Moore, H F * Materials in Machine Construction, Mech, Eng , 

V. 51, 1929, pp 739-743 

328 Norton, F H : “The Creep of Steel at High Temperatures,” McGraw- 

Hill Book Company, Ine.y New York, 1929, 90 pp. 

329 Pfeil, L B. : The Oxidation of Iron and Steel at High Temperatures, 

/. Iron Steel Inst.y v. 119, 1929, pii. 501-660. 



700 


THE ALLOYS OF IRON AND CARBON 


330 Piwow ARSKY, E “ Hochwertiger Grauguss'’ (High-strength Cast 

Iron), Julius Springer, Berlin, 1929, 336 pp 

331 Pomp, A , and H Poellein: Festigkeits- und Gefugeuntersuchungen 

an kaltgewalzten und gegluhten Bandstahlen verschiedener Vorbe- 
handlung (Strength and Structure of Cold-rolled and Annealed 
Steel Strips Subjected to Different Previous Treatments), Archtv 
f d Eisenhuttenwesenj v 3, 1929, pp 223-231 

332 Pomp, A , and L Walther: Der Emfluss der Stichabnahme und der 

Gluhtemperatur auf die mechanischen Eigenschaften und das 
Gefuge von kaltgewalzten Femblechen (The Influence of Pass 
Reduction and Annealing Temperature on Mechanical Properties 
and Structure of Cold-rolled Thin Sheets), Archtv f d Etsenhut- 
tenwesen, v 2, 1929, pp 859-865 

333 Ralston, O C : Iron Oxide Reduction Equilibria A Critique from 

the Standpoint of the Phase Rule and Thermodynamics, Bur 
M tries Bull 296, 1929, 326 pp 

334 Rawdon, H S Laboratory Corrosion Tests of Mild Steel with Special 

Reference to Ship Plate, Bur Stand J Research, v 2, 1929, pp 
431-440 

335 Rother, W H , and V Mazurie Correlation of Cast-iron Test Bars 

and Castings, Proc Am Soc Test Mat , v 29, part 2, 1929, pp 
83-86 

336 St John, A • X-ray Inspection of Castings, Fuels and Furnaces, v 7, 

1929, pp 1371-1372, 1407-1408 

337 Satoh, S Metallic Electrodes for Cast-iron Arc Welding, Trans 

Am Inst Mtn. Met Eng , v 84, 1929, pp 144-165 

338 Saw AMUR A, H . On the Various Methods to P'avor the Graphitization 

in White Cast Iron, World Eng Cong , Tokyo, 1929, Proc , v 34, 
pp 307-357 

339 ScHiKORR, G , ITber das System Eisen-Wasser (The Iron-water 

System), Z f Elektrochemte, v 35, 1929, pp 62-65 

340 ScHiKORR, G * Uber die Reaktionen zwischen Eisen, semen Hydroxy- 

den und Wasser (The Reactions between Iron, Its Hydroxides, and 
Water), Z f Elektrochemte, v 35, 1929, pp 65-70 

341 Siebel, E , and A Pomp ITber den Kraftveilauf beim Tiefziehen und 

bei der Tiefungsprufung (The Power Consumed in Deep Drawing 
and in the Deep-drawing Test), MtU K -W hist Etsenforschung, 
V 11, 1929, pp 139-154 

342 Siebel, E , and A Pomp. Ein neues Prufverfahren fur Fembleche 

(A New Testing Method for Thin Sheets), MtU K ~W Inst Etserv- 
farschung, v 11, 1929, pp 287-291 Abst Metallurgtst, v 6, 1930, 
pp. 6-7 

343 Smalley, O High Test Cast Iron, Trans Am Foundrymen^s Assoc , v 

37, 1929, pp 485-500 Abst Femndry Tr J ,v 42, 1930, pp 25-26 
344. Speller, F N , I B McCorkle, and P. F. Mumma: The Influence of 
Corrosion Accelerators and Inhibitors on Fatigue of Ferrous Metals, 
Proc Am Soc. Test. Mat , v 29, part 2, 1929, pp 238-249; discussion, 
pp. 304-313. 



BIBLIOGRAPHY 


701 


346 Strauss, J Metals and Alloys for Industrial Applications Requiring 
Extreme Stability, Trans Am Soc Steel Treat , v 16, 1929, pp 
191-226 

346 Stumper, R Untersuchungen uber den Einfluss der Walztemperatur 

auf die Eigenschaften dor Schienen (Influence of Rolling Tempera- 
ture on the Properties of Rails), Stahl u Risen, v 49, 1929, pp 
177-187, discussion pp 843-845 

347 Thum, a Neuere Anschauungen uber die mechanischen Eigenschaften 

des Gusseisens (New Opinions on the Mechanical Properties of 
Cast Iron), Gtesserei, v 16, 1929, pp 1164-1174 
348. Thum, A , and H Ude Die Elastizitat und Schwingungsfestigkeit des 
Gusseisens (Elasticity and Alternate Strength of Cast Iron), Gtes- 
serei, v 16, 1929, p 601 

349 Wallichs, A , and H Schallbroch Die Beziehiing zwischen ver- 

schiedenen Harteziffern bei ungeharteten Kohlenstoffstahlen (The 
Relation between Different Hardness Numbers in Unhardened 
Carbon Steels), Maschinenhau, v 8, 1929, pp 69-74 Abst 
Stahl u Risen, v 49, 1929, p 1349 

350 Wallin, H N , and F B Olcott Corrosion Resisting Steel, Navy 

Dept , Bur of Construction and Repair, Tech Bull 6, September, 

1929, 26 pp 

351 Zander, W ‘‘Der Einfluss von Oberflachenbesehadigungen aul die 

Biegungsschwingungsfestigkeit’^ (Influence of Surface Defects 
on Fatigue), NEM Verlag, Berlin, 1929, 65 pp 

1930 

352 American Society of Mechanical Engineers “A Bibliography on the 

Cutting of Metals,’' (compiled by 0 W Boston) Part I, A S M E 
Research Publ , 1930, 63 pp. Part II, publ by the compiler, Ann 
Arbor, 1935, 202 pp 

353 American Society for Testing Materials’ Report of Committee A-2 

on Wrought Iron, Proc Am Soc Test Mat , v 30, part 1, 1930, pp 
169-186 

354 Anon Giessen kleiner Graugussmassenteile in Dauerformen (Making 

Small Gray-iron Castings in Permanent Molds), Giesserei, v 17, 

1930, pp 534-535 

356 Barklie, R H D , and H J Davies The Effei’t of Surface Conditions 
and Electrodeposited Metals on the Resistance of Materials to 
Repeated Stresses, Proc Inst Mech Rng , 1930, part 1, pp. 731-750 
Also Rngineer, v 150, 1930, pp 670-673 

356 Bauer, 0 , and K Sipp Der Einfluss von Phosphor, Sohwefel, Nickel 

und Chrom auf das Wachstum des Gusseisens (The Influence of 
Phosphorus, Sulphur, Nickel, and Chromium on the Growth of 
Cast Iron), Giesserei, y 17, 1930, pp. 989-996 

357 Belaiew, N T Sur la perlite, sa structure et ses propn^t^s mdcaniques 

(Pearlite, Its Structure and Mechanical Properties), Rev, de MU., 
M4m , V. 27, 1930, pp. 680-685. 



702 


THE ALLOYS OF IRON AND CARBON 


368. Bibrbaum, C H . The Microcharacter, Trans Am Soc Steel Treat , 
V 18, 1930, pp 1009-1025 

359 Chick ASCHiGE, M , and K Uno. Die Beziehungen zwischen der 

Farbe und dem Femgefuge der Legicrungen IV Eisen-Kohlenstoff- 
Legierungen (The Relation between Color and the Microstructure 
of Alloys IV Iron-carbon Alloys), Z anorg allgem Chem , v 
190, 1930, pp 303-312 

360 Cowdrey, I H Hardness by Mutual Indentation, Proc Am Soc 

Test Mat , v 30, part 2, 1930, pp 559-571 

361 Daeves, K * Die mechanischen Eigenschaften von Thomas- und 

Siemens- Martin-Stahlen (The Mechanical Properties of Basic 
Bessemer and Acid Open-hearth Steels), Stahl u Eisen, v 50, 1930, 
pp 1353-1356 Abst J Iron Steel Inst , v 122, 1930, pp 578^579 

362 Dawidenkow, N Die Verformungsabnutzung der Schienen (De- 

formation Wear of Rails), Stahl u Etseny v 50, 1930, pp 
1580-1584 

363 Dickson, T C Casting Guns by the Centrifugal Process, Trans 

Am Soc Steel Treat , v 18, 1930, pp 212-240 

364 Donaldson, J W Thermal Conductivity of Metals and Alloys, 

MetaUurgiay v 1, 1930, pp 119-120 

365 Doring, H Das Driicken der Oberflache und der Einfluss von 

Querbohrungen auf die Biegimgsschwmgungsfestigkeit (Surface 
Working and Influence of Transverse Holes on Fatigue Resistance), 
Veroff d Wohler-Insl , Braunschweig, No 6, NEM Verlag, Berlin, 
1930, 50 pp Extended Abst Metals <1^ Allo^js, v 2, 1931, 
pp 94-95 

366 Fink, M Wear Oxidation, a New Component of Wear, Trans Am 

Soc Steel Treat, v 18, 1930, pp 1027-1034 

367 Freeman, J R , Jr , and R D France Endurance Properties 

of Some Special Rail Steels, Biir Stand J Research, v 4, 1930, 
pp 851-874 

368 Freeman, J. R , Jr , and G W Quick Tensile Properties of Rail 

and Some Other Steels at Elevated Temperatures, Bui Stand J 
Research, v 4, 1930, pp 549-591 Also Trans Am Inst Mm 
Met Eng , v 90, 1930, pp 225-279 

369 Fuchsel, M . tJber Verschleissbarkeit der Werkstoffe bei trockener 

Reibung (The Wear of Materials under Dry Friction), First Com- 
munication, New Int Assoc Test Mat , Group D, 1930, pp 95-112 

370 Gillett, H W : More on Fatigue and High Frequency Fatigue Testing, 

Metals cfc Alloys, v 1, 1930, pp 332-333 

371 Gough, H J , and A J Murphy: The Effect of Low Temperatures 

on the Shock-resisting Properties of New Wrought-iron Cham, 
Proc Inst Mech Eng , No 6, 1930, pp 1169-1223 

372 Greaves, R H . Meaning of the Notched-bar Impact Test for Investi- 

gation and for Acceptance Test Purposes, First Communication, 
New Int Assoc Test Mat , Group A, 1930, pp 225-229. 

373 Grbulich, W • Die Verfestigung einiger Werkstoffe beim Kaltwalzen 

(The Work Hardening of Some Materials on Cold Rolling), Stahl 



BIBLIOGRAPHY 


703 


u Eiseriy v 60, 1930, pp 1397-1401 Abst . J Iron Steel Inst , 

V 122, 1930, pp 680-581 • 

374 Harvey, W E Zinc as a Protective Coating against Corrosion 

Fatigue of Steel, Metals & Alloys^ v 1, 1930, pp 458-461 

375 Hase, R . Emfluss des Emissionsvermogens auf die Temperaturmes- 

sung am flussigen Eisen (Influence of Emissive Power on Tempera- 
ture Measurements of Liquid Iron), Archtv f d Etsenhultenwesen^ 

V 4, 1930, pp 261-264 

376 Hatfield, W H . Permanence of Dimensions under Stress at Elevated 

Temperatures, J Iron Steel Inst , v. 122, 1930, pp 215-247 

377 HessenmiIller, J H Bestimmung der Oberflachenharte und der 

Emsatztiefe an geharteten Werkstucken mit dem Harteprufer 
‘^Tester” (Determination of Surface Hardness and of Depth of 
Case of Hardened Work Pieces with Hardness Tester ^'TestoFO? 
WerUzeugmahchtnCy v 34, No 3, 1930, pp 41-45 Abst AiUomottve 
Abst , V. 7, 1930, p 75. 

378 Hurst, J E : Chemical Composition and Mechanical Properties of 

Centrifugal Castings, Metallurgtay v 2, 1930, pp 13-16, 53-56 

379 Jacobus, D S Working Stresses for Steel at High Temperatures, 

Trans Am Soc. Mech Eng , v 52, 1930, FSP-52-35, pp 295-299 , 

380 Kanter, j j , and L W Spring. Some Long-time Tension Tests of 

Steels at Elevated Temperatures, Proc. Am Soc Test Mat ^ v 30, 
part 1 1930, pp 1 10-132 

381 Keil, O von Die Graphitbildung im Gusseisen (Graphite Formation 

in Cast Iron), Archtv f d Etsenhuttemvesen^ v 4, 1930, pp 245-250 

382 Klingenstein, T * Emfluss des Gefugezustandes und der Zusam- 

mensetzung von Gusseisen auf die Versohleissfestigkeit, mit beson- 
derer Berueksichtigung des Phosphorgehaltes (Influence of Structure 
and Composition, Especially Phosphorus Content, on Wear Resist- 
ance of Cast Iron), MtU Forsch -Anst G H H Konzerns^ v 1, 1930, 
pp 18-24 Abst.* Metals & AlloySy v 2, 1931, p 171 

383 Knackstedt, W . ^^Die Werkstoffdampfung bei Drehschwingungen 

nach dem Dauerprufverfahren und dem Ausschwingverfahren^' 
(Vibration Damping of Materials in Endurance and Vibration 
Testing), NEM Verlag, Berlin, 1930, 60 pp 

384 Kommers, j B . The Effect of Understressing on Cast Iron and 

Open-hearth Iron, Proc Am Soc Test Mat , v 30, part 2, 1930, pp 
368-383 

386 Kottgen, E : tTber Dauerformen und den Emfluss der Abkuhl- 
geschwindigkeit bei Grauguss (Permanent Molds and the Influence 
of Cooling Rate on Gray Cast Iton), Gtesseret, v 17, 1930, pp 1061- 
1064, 1089-1095. 

386 Krynitsky, A I , and W N Harrison Blistering Phenomena in the 
Enameling of Cast Iron, Bur. Stand J Resear chy v 4, 1930, pp 
757-807 Abst : Metals <fc AlloySy v 1, 1930, pp. 663-666 Al^o: 
J. Am Ceramtc Soc.y v. 13, 1930, pp 16-61 
387. Lee, P. F , and H A Schadb: Structural Steel Heat Treated, Iron 
Agey V 126, 1930, pp 610-614 



704 


THE ALLOY E OF IRON AND CARBON 


388 Me Adam, D. J , Jr Influence of Cyclic Stress on Coriosion, Am 

Insf Min Met Eng , Tech Pub 329, 1930, 42 pp 

389 McAdam, D J , Jr . The Influence of Stress Range and Cycle Fre- 

quency on Corrosion, Proc. Am Soc. Test. Mat , v 30, part 2, 1930, 
pp 411-447 

390 McAdam, D. J , Jr : Stress and Corrosion, 3d Int Cong Applied 

Mechanics, Stockholm, 1930, Proc , part 2, pp 269-293 

391 McCrae, j. V , and R L Dowdell Preliminary Studies of the 

Effect of Deoxidation and Mold Conditions on the Tensile Properties 
of Carbon Steel Castings, Bur Stand J. Resear chy v. 6, 1930, pp 
265-277. 

392 McCrae, J. V , and R L Dowdell: The Effect of Deoxidation and 

Mold Conditions on the Tensile Properties of Carbon Steel Castings, 
Trans Am Soc Steel Treat , v 18, 1930, pp 150-211 

393 Mitchell, H A Getting the Most out of Steel Castings, Iron Age^ 

V 126, 1930, pp 914-917 

394 Moffett, R. W Effect of Low Temperatures upon the Impact 

Resistance ot Steel Castings, Can. J Researchy v 2, 1930, pp 
327-340 

395 Moisseiff, L. S : Investigation of Cold-drawn Bridge Wire, Proc 

Am Soc. Test Mat , v 30, part 2, 1930, pp 313-349 

396 Moldenkb, R : ^‘The Principles of Iron Founding,’’ McGraw-Hill 

Book Company, Inc , New York, 2d cd , 1930, 654 pp 

397 Moore, H. F , and T Ver: A Study of Slip Lines, Strain Lines, and 

Cracks in Metals under Repeated Stress, Univ. of Illinois, Exp 
Sta , Bull 208, 1930, 60 pp 

398 Norbury, a L , and E Morgan The Effect of Melting Conditions 

on the Microstructure and Mechanical Strengths of Gray Cast 
Irons Containing Various Amounts of Carbon and Silicon, J Iron 
Steel Inst , v. 121, 1930, pp 367-392 

399. O’Neill, H : A New Method of Making Ball Hardness Tests of 
Metals; and a Plotting Table for the Simplification of “Meyer 
(Hardness) Analysis,” Iron Steel Inst.y Carnegie Schol Mem , v 19, 
1930, pp 19-38. 

400 Peterson, R E : Fatigue Tests of Small Specimens with Particular 

Reference to Size Effect, Trans. Am Soc Steel Treat , v 18, 1930, 
pp 1041-1056. 

401 Petrenko, S. N . Relationships between Rockwell and Brinell Num- 

bers, Bur. Stand J Researchy v 5, 1930, pp 19-50 Extended Abst . 
Metals & AlloySy v 1, 1930, pp 782-784 
402. Pomp, A , and W. Enders. Zur Bestimmung der Dauerstandsfestigkeit 
im Abkurzungsverfahren (Determmation of Creep by an Acceler- 
ated Method), Mitt K-W. Inst Eisenforschungy v 12, 1930, pp 
127-147 

403 Pomp, A , and A Lindeberg* Festigkeitseigenschaften und GefUgeaus- 
bildung von gezogenem Stahldraht in Abhangigkeit von der vorauf- 
gegangenen Warmebehandlung (The Effect of Vanations in the 
Patenting Treatment on the Toughness and Structure of Cold-drawn 



BIBLIOGRAPHY 


705 


Wire), Miit, K.’W Inst Etsenforschungf v 12, 1930, pp 39-54. 
Also Stahl u EtseUy v 50, 1930, pp 1462-1467. 

404 PuLLiN, V E . X-rays in Engineering Practice, Proc, Inst Mech Eng , 

1930, part 2, pp 1133-1157. Abst : Engineer y v 150, 1930, pp 
686-688 

405 Rohn, W : Creep Stress Determination, MetaUurgisty v. 6, 1930, 

pp 22-23. 

406 Ros, M . Die breitflanschigen Differdmger-Grey-Triiger (Heavy 

I-Beams), Eidgenossische Matenalprufungsanstalt an der E T H 
Zurich, Rep 52, 1930, 34 pp 

407 Saeger, C. M , Jr , and E J Ash Methods for Determining the 

Volume Changes Undergone by Metals and Alloys during Casting, 
Trans Am Foundrymen^s Assoc , v 38, 1930, pp 107-145 

408 Sauveur, a : Steel at Elevated Temperatures, Trans Am Soc Steel 

Treat , v. 17, 1930, pp 410-448 

409 Schoenmaker, P * Zerreiss- und Schlag-Versuche bei tiefen Tempera- 

turen (Tensile and Impact Tests at Low Temperatures), First 
Communication, New Int. Assoc Test Mat , Group A, 1930, pp 
237-250 

410 ScHUZ, E, and R Stotz ^‘Der Temperguss^' (Malleable Iron), 

Julius Springer, Berhn, 1930, 390 pp 

411 Schwartz, H A Factors Affecting the Machinabihty of Malleable 

Cast Iron, Trans Am Foundrymen^s Assoc , v 38, 1930, pp 210-258 

412 Schwarz, M von, and A Vath. Schleuderguss und seme metall- 

kundhche Untersuchung (Centrifugal Castings and Their Metallurgi* 
cal Investigation), Giesserety v 17, 1930, pp 177-182, 204-208, 230- 
234, 253-259 

413 SiEBEL, E , and A Pomp Die Prufung von Feinblechen durch den 

Tiefzieh-Weitungsversuch (Testing Thin Sheets by the Deep- 
drawing Test), Mitt K -W Inst Eisenforschungy v 12, 1930, pp 
1 15-125 

414 Sjovall, H . Magnetic Hardness Test for Ball Races, MetaUurgisty 

V 6, 1930, pp 121-122 

415 Spring, L W . Some Considerations and Tests for Cast Materials 

for High-temperature High-pressure Service, Proc Inst Br Foundry- 
meny v 24, 1930-1931, pp 239-289, 305-311 Also Foundry Tr. 
J y V. 44, 1931, pp. 399-404; v 45, 1931, pp 7-10, 12 Also: 
Trans, and Bull. Am Foundrymen^s Assoc , v 2, No 10, 1931, pp 
13-55 

416. T AMARU. K , and S Sbkito: On the Quantitative Determination 
of Retained Austenite in Quenched Steels, Set Rep , Sendai, ser 1, 
V. 20, 1930, pp 377-394 

417 Thum, a , and H Holdt: Die Dauerstandfe^tigkeit von Stahlguss 

bei erhohten Temperaturen (Creep of Cast Steel at Elevated 
Temperatures), Giessereiy v. 17, 1930, pp. 333-339 

418 Vanick, j 8 , and P D^ Meric a: Corrosion- and Heat-resfetant 

Nickel-copper-chromium Cast Iron, Trans. Am Soc Steel Treat , 
V. 18, 1930, pp. 923-942., 



706 


THE ALLOYS OF IRON AND CARBON 


419. VoLLMER, L. W, and B. B Westcott. Effect of Hydrogen Sulphide 

on Wire Rope, Trans Am. Soc Mech Eng , v 52, 1930, PET-52-7, 
pp 39-45 

420. Wallichs, a , and H Dabrinqhaus: Die Zerspanbarkeit des Guss- 

eisens im Drehvorgang (Machin ability of Cast Iron in Lathe 
Tests), Giesserety v 17, 1930, pp 1169-1177, 1197-1201 

421. Wallichs, A , and H Dabringhaus: Die Zerspanbarkeit und die 

Festigkeitseigenschaften bei Stahl und Stahlguss (Machinability 
and Strength of Wrought and Cast Steels), Maschinenhau, v 9, 1930, 
pp 257-262 

422. Wallichs, A , and K. Krekeler. Die Prufung der Zerspanbarkeit 

mittels des Leyensetter-Pendels (Testing Machinabihty with the 
Leyensetter Pendulum), Archtv f. d Eisenhuttenweseny v 4, 1930, pp 
41-43 

423 Wallichs, A , and K Krekeler* Stahlguss und Zerspanbarkeit 

(Cast Steel and Machinability), Gtesseretj v 17, 1930, pp 325-329 

424 Wallichs, A , and H. Opitz* Die Prufung der Zerspanbarkeit von 

Automatenstahl (Testing the Machinability of Free-cutting Steel), 
Archtv f d Etsenhuttenwesen^ v 4, 1930, pp 251-260 
425. Walls, F. J., and A Hartwell, Jr * Some Phases of Heat Treatment 
of Cylinder and Alloy Irons, Trans Am Foundrymen^s Assoc , v 
38, 1930, pp 865-896 

426 ZiMMERLi, F P, W P Wood, and G D Wilson* The Effect of 
Temperature upon the Torsional Modulus of Spring Materials, 
Proc Am Soc Test Mat , v 30, part 2, 1930, pp 350-367 

1931 

427. Abegg, R, F Auerbach, and I Koppel (editors) ‘‘Handbuch der 
anorganischen Chemie^^ (Handbook of Inorganic Chemistry), 
S Hirzel, Leipzig, v 4, section 3, part 2 A, 1931, p 238 

428 Allen, R J * Discussion of paper by J W Bolton and H Bornstem on 

Effect of Elevated Temperatures on Certain Mechanical Properties 
of Gray Cast Iron and Malleable Iron, ‘‘Symposium on Effect of 
Temperature on Metals,” Am Soc Test Mat and Am Soc Mech 
Eng , Philadelphia and New York, 1931, pp 450-463 

429 American Foundrymen^s Association and American Society for 

Testing Materials Symposium on Malleable Iron Castings, Proc 
Am. Soc Test. Mat , v 31, part 2, 1931, pp 317-434 

430 American Society of Mechanical Engineers Supplement to a Bibliog- 

raphy on Effect of Temperature on Properties of Metals together 
with a Bibliography on Oxidation of Metals at High Temperatures, 
A S M E Research Puhl , 1931, 27 pp 

431. American Society of Mechanical Engineers and American Society 
for Testing Materials: “Symposium on Effect of Temperature on 
the Properties of Metals,” The Societies, New York and Phila- 
delphia, 1931, 829 pp 

432 Austin, C. R * Effect of Surface Decarburization on Fatigue Properties 
of Steel, Metals & Alloys, v. 2, 1931, pp 117-119 



BIBLIOGRAPHY 


707 


433 Bailey, R W , J H S Dickenson, N P Inolis, and J L Pearson 

The Trend of Progress in Great Britain on the Engmeenng Use 
of Metals at Elevated Temperatures, American Society of Mechan- 
ical Engineers and American Society for Testing Materials, “Sym- 
posium on Effect of Temperature on the Properties of Metals, “ 

1931, pp 218-244 

434 Bardenheuer, P , and W Bottenberg Emfluss der Schmelzbehand- 

lung auf den Gasgehalt und die Schwindung von weissem und 
grauem Gusseisen (Influence of Melting Practice on the Gas Content 
and Shrinkage of White and Gray Cast Irons), Mitt K-W. Inst 
Eisenforschung, v 13, 1931, pp 149-159 Also Giesserei, v 19, 

1932, pp 201-206 

435 Becket, F M Manganese-free Zirconium-treated Steels, Mining and 

Metallurgy^ v 12, 1931, pp 234-236 

436 Bleakney, H H • Machining of Steel Is Conditioned by Quality of 

Metal, Iron Age, v 128, 1931, pp 1608-1609, 1662 

437 Bolton, J W , and H Bornstein Effect of Elevated Temperatures 

on Certain Mechanical Properties of Gray Cast Iron and Malleable 
Iron, American Society of Mechanical Engineers and American 
Society for Testing Materials, “Symposium on Effect of Tempera- 
ture on the Properties of Metals,'^ 1931, pp 436-465 

438 Bornstein, H A Comparison of Various Sizes of Test Bars Repre- 

senting Cast Irons from Five Foundries, Proc Am Soc Test Mai , 

V 31, part 1, 1931, pp 152-159 

439 Boston, O W An Investigation of Methods to Determine the 

Machinability of Malleable Iron Castings, Proc Am Soc, Test 
Mat , V 31, part 2, 1931, pp 388-421 

440 Boston, O W • Machining Properties of Some Cold-drawn Steel, 

Trans Am Soc Mech Eng , v 53, 1931, MSP 53-6, pp 41-55 

441 Briggs, Co W , and R A Gezelius Detecting Defects by Radiog- 

raphy, Using Gamma Rays, Trans Am Foundrymen^s Assoc., 

V 39, 1931, pp 65-92 

442 Bull, R A. Chemical Composition as Employed for Classifymg 

Carbon and Alloy Steel for Castings, Trans Am Foundrymen^s 
Assoc , V. 39, 1931, pp 257-274 Abst : Iron Age, v. 128, 1931, 
pp 174r-175, 207 

443 Bull, R A * The Performances of Cast Carbon and Low-alloy Steels 

in High- and Low-temperature Service, American Society of Mechan- 
ical Engineers and American Society for Testing Materials, “Sym- 
posium on Effect of Temperature on the Properties of Metals, “ 
1931, pp 394-435 

444 Bull, R A.: Steel Castings as Machine Parts, Machine Design, 

V. 3, 1931, No 4, pp 36-39; No 5, pp 37-40. 

445. Coyle, F B : Heat Treatment Fundamentals of Plain and Alloy 
Cast Iron, Metals & Alloys, v 2, 1931, pp 120-131 
446 Diepschlag, *E , and F Eggert Die Schneidfahigkeit von Grauguss 
in Abhangigkeit von Silizium- und Kohlenstoffgehalt (Effect of 
Sibcon and Carbon on the Machinability of Gray Iron), Giesserei, 
V. 18, 1931, pp. 313-318. 



708 


THE ALLOYS OF IRON AND CARBON 


447 Digges, T G : Influence of Chemical Composition and Heat Treat- 

ment of Steel Forgings on Machinability with Shallow Lathe Cuts, 
Bur. Stand J Research^ v 6, 1931, pp 977-992. Also. Trans 
Am Soc Mech Eng , v 64, 1932, MSP 64-4, pp 49-69 

448 Dixon, E S.: Needs of the Oil Industry for Metals at High Tempera- 

tures, Amencan Society of Mechanical Engineers and American 
Society for Testing Materials, Symposium on Effect of Tempera- 
ture on the Properties of Metals,^' 1931, pp 66-80 

449 Fenstermacher, J D . Improvements in Physical Properties m 

Large Carbon and Alloy Castings, Steel Founder^ v 2, June-July, 
1931, pp 4r-7 

460 France, R D • Endurance Testing of Steel. Comparison of Results 

Obtained with Rotatmg-beam versus Axially-loaded Specimens, 
Proc. Am Soc Test Mat , v 31, part 2, 1931, pp 176-193 

461 Franklin Institute* Committee on Science and the Arts Pendulum 

Hardness Tester, J Franklin Inst , v 212, 1931, pp 376-386 

462. French, H. J , W Kahlbaum, and A A Peterson Flow Charac- 

tenstics of Special Fe-Ni-Cr Alloys and Some Steels at Elevated 
Temperatures, Trans Am Soc Mech Eng , v 63, 1931, FSP-63-9, 
pp 97-130 

463. Gillett, H W * Testing Deep Drawing Qualities of Sheet Metal, 

Metals & Alloys, v. 2, 1931, pp 214-222; discussion by C L Ekser- 
gian, pp 220-222 

464 Hankins, G A , and M L Becker* The Effect of Surface Conditions 
Produced by Heat Treatment on the Fatigue Resistance of Spring 
Steels, J Iron Steel Inst , v 124, 1931, pp 387-460 
466 Harder, O E Nitridmg for the Engineer, Metals & Alloys, v 2, 
1931, pp. 132-142 

466 Hbydekampf, G S von: Damping Capacity of Materials, Proc 

Am. Soc Test Mat ; v 31, part 2, 1931, pp 167-171 

467 Hurst, J. E : Centrifugal Casting of Metals and Alloys, Metals & 

Alloys, V. 2, 1931, pp 197-206 

468. Inglis, N P , and G F Lake. Corrosion-fatigue Tests of Mild Steel 
and Chromium-nickel Austenitic Steel in River Tees Water, Trans 
Faraday Soc., v. 27, 1931, pp 803-808 
469 Iron and Steel Institute: ‘^The First Report of the Corrosion Commit- 
tee,'^ The Institute, London, 1931, 260 pp 

460. IsEMER, H *. Die Steigerung der Schwingungsfestigkeit von Gewinden 

durch Oberflachendrucken (Increasing the Endurance Limit of 
Threads by Compression of the Surface), Mitt d Wohler-Inst , 
Braunschweig, No 8, NEM Verlag, Berhn,1931, 64 pp 

461. JoMiNY, W. E : The Surface Decarbunzation of Steel at Heat Treating 

Temperatures, Univ of Michigan, Dept of Eng Research, Bull 18, 
1931, 49 pp. 

462 Jordan, L : The Wear of Metals, Mech Eng , v. 63, 1931, pp 

644-660 

463. JOnger, a : Weitere Erfahrungen in der Priifung der Dauerfestigkeit 
verschiedener Werkstoffe auf der M.A.N Biegeschwingungsmaschme 



BIBLIOGRAPHY 


709 


(Further Work on Endurance Testing), Milt Forsch -Anst G H H 
Konzerns, v 1, 1931, pp 45-58 

464 Kallen, H , and H Schrader Die Durchvergutung von Konstruk- 
tionsstahlen unter Berucksichtigung des Einflusses von Stuckquer- 
schnitt und I^gierung (Deep Hardening of Structural Steels as 
Affected by Cross-section and Composition), Archtv f d Eisenhut- 
tenwesen^y 4, 1931, pp 383-392 Abst Stahl u EtserijY 51, 1931, 
p 387 

465. Kaufmann, E . ^‘Uber die Dauerbiegefestigkeit einiger Eisenwerkstoffe 
und ihre Beeinflussung durch Temperatur und Kerbwirkung^^ 
(Effect of Temperature and Notches on the Endurance Limit of 
Some Ferrous Materials), Julius Springer, Berlin, 1931, 89 pp. 

466 Klingenstein, T Weitere Untersuchungen uber den Emfluss der 

Zusammensetzung und des Gefugeaiifbaiis auf den Verschleiss von 
Gusseisen (Effect of Composition and Structure on the Wear of 
Cast Iron), Mitt Forsch -Amt G H H Konzerm, v 1, 1931, pp 
80-92 Abst Metals & Alloys, v 2, 1931, p 154 

467 Laurson, P G , and W J Cox Properties and Mechamcs of Mate- 

rials,” John Wiley & Sons, Inc., New York, 1931, 353 pp 

468 Logan, K H , and V A Grodsky Soil Corrosion Studies, 1930 — 

Rates of Corrosion and Pitting of Bare Ferrous Specimens, Bur 
Stand J Research, v 7, 1931, pp 1-35 

469 Lucas, F F On the Art of Metallography, Trans Am Inst Min 

Met Eng , v 95, 1931, pp 11-44 

470 Mackenzie, J T . Tests on Cast Iron Specimens of Various Diam- 

eters, Proc Am Soc Test Mat , v 31, part 1, 1931, p 160 

471 MacQuigg, C E High-chromium Steels for Extreme Service Con- 

ditions, American Society of Mechanical Engineers and American 
Society for Testing Materials, ‘^Symposium on Effect of Tempera- 
ture on the Properties of Metals,” 1931, pp 589-609 

472 McAdam, D j , Jr Stress Corrosion of Metals, Int Assoc Test 

Mat , Cong Zurich, 1931, v 1, pp 228-246 

473 McAdam, D J , Jr Influence of Water Composition on Stress Cor- 

rosion, Proc Am Soc Test Mat , v 31, part 2, 1931, pp 259-278 

474 Mochel, N L . Thermal Expansion of Metals, American Society of 

Mechanical Engineers and American Society for Testing Materials, 
Symposium on Effect of Temperature on the Properties of Metals,” 
1931, pp 683-724 

475 Moneypenny,- J H G . ^‘Stainless Iron and Steels,” John Wiley & 

Sons, Inc , New York, 2d ed , 1931, 304 pp 

476 Moore, H. F.: Crackless Plasticity — A New Property of Metals, 

Iron Age, v. 128, 1931, pp 674-677, 721 

477 Murphy, D W, W P Wood, and W E Jominy: Scaling of Steel 

at Elevated Temperatures by Reaction with Gases and the Proper- 
ties of the Resulting Oxides, Tram Am. Soc Steel Treat , v, 19, 
1931, pp 193-232 

478 Palmaer, K W . Corrosion of Metals,” Ingemorsvetenskapsaka- 

demiens, Stockholm, No 93, 1929, 347 pp , No 108, 1931, 198 pp. 



710 


THE ALLOYS OF IRON AND CARBON 


479 Pfeil, L B The Constitution of Scale, J Iron Steel Inst , v 123, 

1931, pp 237-258 

480 PuLLiN, V E . X-ray Examination of Castings, Foundry Tr. J., 

V 44, 1931, pp 23-24 

481 Rabald, E : ‘‘Werkstoffe und Korrosion’^ (Materials and Corrosion), 

Otto Spamer, Leipzig, 1931, 2 vols 

482 Remmers, W E . The Permanent Growth of Gray Cast Iron, Trans 

Am Inst Mtn Met Eng , v 95, 1931, pp 219-229 

483 Rosenbero, S. J . How Carbon Content and Heat Treatment Can 

Affect Wear Resistance, Iron Age, v 128, 1931, pp. 1366-1367 

484 Russell, H W Effect of Low Temperatures on Metals and Alloys, 

American Society of Mechanical Engineers and American Society 
for Testing Materials, ‘‘Symposium on Effect of Temperatuie on the 
Properties of Metals,^' 1931, pp 658-682 
486 Sachs, G . “Spanlose Formung der Metalle'^ (Chiplcss Forming 
of Metals), Julius Springer, Berlin, 1931, 127 pp 

486 Saeger, C M , Jr , and A I Krynitsky A Practical Method for 

Studying the Running Quality of a Metal Cast m Foundry Molds, 
Trans Am Foundrymen*s Assoc , v 39, 1931, pp 513-540 

487 Salmon, E H “Materials and Structures,” Longmans, Green & 

Company, London, 1931, v 1, 638 pp 

488 Sauerwald, F , B Schmidt, and G Kramer tTber don Sprodig- 

keitsbereich von Eisen bei ticfen Temperaturen (The Range of 
Brittleness of Iron at Low Temperatures), Z f Fhystk, v 67, 1931, 
pp 179-183 

489 Schwartz, H A Malleable Iron, Recent Progress, Metals & AlloySy 

V 2, 1931, pp 143-149 

490 Scott, H High-temperature Characteristics of Metals Revealed by 

Bending, Proc Am Soc Test Mat , v 31, part 2, 1931, pp 129-156 

491 Shelton, S M Fatigue Testing of Wire, Proc Am Soc Test Mat , 

V 31, part 2, 1931, pp 204-220 

492 Spooner, A P , and F B Foley High-temperature Creep Properties 

of Wrought Carbon and Low-alloy Steels, American Society of 
Mechanical Engineers and American Society for Testing Materials, 
“Symposium on Effect of Temperature on the Properties of Metals,” 
1931, pp 368-393 

493 Steinberg, S , and W Subow tJber die Alterung des geharteten 

Kohlenstoffstahles (Aging of Hardened Carbon Steel), Stahl u 
Eiseny V 51, 1931, pp 911-913 

494 Tamaru, K , and S Sekito On the Quantitative Determination 

of Retaftied Austemte in Quenched Steels, Set Rep , Sendai, ser 1, 

V 20, 1931, pp 377-394 

495. Tanimura, H : Influences of Cooling Vfelocity and Melting Tempera- 

ture on the Graphitization of Cast Iron, Mem CoU. Eng , Kyushu 
Imp Univ y v 6, No 2, 1931, pp 116-188. 

496. Tapsell, H J : “Creep of Metals,” Oxford University Press, London, 

1931, 285 pp 

497 Van Dusen, M. S.: Note on Applications of Data on the Thermal 
Conductivity of Metals, American Society of Mechanical Engineers 



BIBLIOGRAPHY 


711 


and American Society for Testing Materials, “Symposium on Effect 
of Temperature on the Properties of Metals,'" 1931, pp 726-729 

498 Van Wert, L R * Some Notes on Blue Brittleness, Trans, Am Inst 

Min Met Eng , v 95, 1931, pp 230-246 

499 Whitney, H L Discussion of paper by A P Spooner and F B 

Foley on High-temperature Creep Properties of Wrought Carbon 
and Low-alloy Steels, American Society of Mechanical Engineerg 
and American Society for Testing Materials, Symposium oc 
Effect of Temperature on the Properties of Metals," 1931, p 391 

600 Wolf, F L , and L A Meisse Corrosion of Malleable Iron, Proc Am 

Soc Test Mai , v 31, part 2, 1931, pp 422-434 

601 Yensen, T D , and N A Ziegler Magnetic Properties versus 

Allotropic Transformations of lion Alloys, Trans Am Inst Mm 
Met Eng f v 95, 1931, pp 313-324 

602 Zeyen, K L Uber Festigkeitsworte von stehend und liegend gegos- 

senen Gusseisen-Probestaben (The Strength of Cast-iron Test Pieces 
Cast Vertically and Horizontally), Gtessereiy v 18, 1931, pp 177-180 

1932 

603 American Foundrymen's Association Reports of Gray Iron Com- 

mittees on Recommended Practice Analyses for Classes ol 
Castings, Trans Am Foundrymen^s Assoc , v 39, 1932, pp 59-64 

604 American Society for Testing Materials Summary of Present-day 

Knowledge of Fatigue Phenomena m Metals, Proc Am Soc Test 
Mat , V 32, part 1, 1932, pp 139-147 
505 American Society of Mechanical Engineers and American Society 
for Testing Materials Report of Joint Research Committee on Effect 
of Temperature on the Properties of Metals, Proc Am Soc Test 
Mat , V 32, part 1, 1932, pp 148-192 

606 Ash, E J , and C M Saeger, Jr Shop Method for Determining 

Volume Changes in Cast Iron during Casting, Trans Am Foundry 
men’s Assoc , v 40, 1932, pp 188-200 

607 Bailey, R W , and A M Roberts Testing of Materials for Service 

in High-temperature Steam Plant, Engineeringy v 133, 1932, pp 
261-265, 296-298 

608 Bain, E C • Factors Affecting the Inherent Hardenability of Steelj 

Trans Am Soc Steel Treat , v 20, 1932, pp 386-428. 

609 Barr, W , and W E Bardgett An Accelerated Test for the Deter 

mination of the limiting Creep Stress of Metals, Proc, Inst Mech 
Eng , V 122, 1932, pp 285-373 

610 Bolton, J W : Some Notes oi^ Mechanism of Deformations m Gra> 

Iron, Proc Am Soc Test Mat , v 32, part 2, 1932, pp 477-491 

611 Brophy, G R : Damping Capacity of Steels and Correlation witl 

Other Properties, Iron AgCy v 130, 1932, pp 800-802, 989; Adv 

p. 10 

512 Bull, R A Purchase Requirements for Steel Castings, with Notes 
on Physical Properties in Test Bars and in Commercial Castings 
Proc, Am, Soc, Test. Mat.y v. 32, part 2, 1932, pp. 77-113. Also m 



712 


THE ALLOYS OF IRON AND CARBON 


American Foundrymen^s Association and American Society for Test- 
ing Materials, ^‘Symposium on Steel Castings,” 1932, pp. 39-75 
513 CiOFFi, P P.* Hydrogenized Iron, Physical Rev, ser 2, v 39, 1932, 
pp 363-367 

514. Coffin, F P , and T H Swisher. Flow of Steels at Elevated Tem- 
peratures, Trans, Am Soc Mech. Eng , v 54, 1932, APM-54-6, 
pp 59-68. 

515 Cunningham, J. F , and J Gilchrist Impact Characteristics of 

Steel Rails at Low Temperatures, Trans Am Soc Steel Treat , v 
19, 1932, pp 624-638 

516 Digges, T G * Effect of Lathe Cutting Conditions on the Hardness of 

Carbon and Alloy Steels, Am Soc Mech Eng , Preprint 13, section 
MSP, 1932, 12 pp Abst.. Bur Stand J Research, v 10, 1933, pp 
77-78 

517 Donaldson, J. W : The Thermal Conductivities of Ingot Mold Irons, 

Iron Steel Inst , Fourth Report on the Heterogeneity of Steel Ingots, 
Special Rep 2, 1932, pp 151-161 

518 Dwyer, P Makes Permanent Mold Castings, Foundry, v 60, 1932, 

pp \S~21, 72 

519 Ellis, 0 W Forgeability of Steel as Influenced by Composition 

and Manufacture, Metal Progress, v 22, No 3, 1932, pp 19-23 
Also Trans Am Soc Steel Treat , v 21, 1933, pp 673-707 

520 Epstein, S Embrittlement of Hot-galvanized Structural Steel, Proc 

Am Soc Test Mat , v 32, part 2, 1932, pp 293-379 

521 Garre, B , and E Grathoff Emfluss des Gluhens auf die Dreh- 

schwingungsfestigkeit von Stahlguss (Influence of Annealing on the 
Torsional Endurance Strength of Steel), Stahl u Eisen, v 52, 1932, 
p 493 

522 Gillett, H W : The Resistance of Copper and Its Alloys to Repeated 

Stress, Metals dc Alloys, v 3, 1932, pp 200-204, 236-238, MA314, 
pp 257-262, MA325; pp 275-280 

523 Gough, H J.. Corrosion Fatigue of Metals, J Inst Metals, v 49, 

1932, pp 17-92 

524 Gough, H J , and D G Sop with: Atmospheric Action as a Factor 

in Fatigue of Metals, J Inst Metals, v 49, 1932, pp 93-122 

525 Gough, H. J , and D G Sopwith The Behaviour of a Single Crystal 

of Aluminium under Alternating Torsional Stresses while Immersed 
in a Slow Stream of Tap Water, Proc, Royal Soc , London, v 135A, 
1932, pp 392-411 

526 Hamilton, W C : General Survey of the Steel Castings Industry, 

Amencan Foundrymen^s Association and American Society for 
Testing Materials, Symposium on Steel Castings,” The Societies, 
Chicago and Philadelphia, 1932, pp. 7-11. 

527 Hankins, G. A., and M L Becker: The Fatigue Resistance of 

Unmachined Forged Steels, J Iron Steel Inst , v. 126, 1932, pp 
205-236 

528. Harvey, W E.: Cadmium Plating vs Corrosion Fatigue — Pickling 

va Cormamn Fatiornp AfpfnJa AIJjyiih v nn fiO— 72 



BIBLIOGRAPHY 


713 


529 Hedges, E. S . “Protective Films on Metals,” Chapman and Hall, 

Ltd , London, 1932, 276 pp 

530 Heinrich, F. H Emfluss der I^age des Probestabes im Stahlgussstucke 

auf die Zerreisswerte (Influence of the Position of the Test Piece 
in a Steel Casting on the Tensile Strength), Stahl u Exsen^ v 52, 
1932, pp 1017-1020 

531 Heller, P. A : Die Warmebehandlung des grauen Gusseisens (Heat 

Treatment of Gray Cast Iron), Gtesserex, v 19, 1932, pp 41^-419 

532 Highriter, H W • Short-cycle Malleablizmg, Trans Am Foundry- 

msn^s Assoc , v 40, 1932, pp 72-87 

533 Honegger, E . Der Elastizitatsmodul von Stahl bei hohen Tempera- 

turen (Modulus of Elasticity of Steel at High Temperatures), 
BBC Nachrxchteny v 19, 1932, pp 61-64 Also Mech World and 
Eng Record, v 92, 1932, pp 357-358 

534 Inglis, N P , and G F Lake Corrosion Fatigue Tests of Nitnded 

Steel and Nickel-plated Steel in River Tees Water, Trans Faraday 
Soc, V 28, 1932, pp 715-721 

535 Itihara, M Impulsive Torsion Tests, J Soc Mech Eng , Tokyo, v. 

35, 1932, pp 678-691 

536 JuDSON, H H High-test Iron for Pressure Castings, Trans Am. 

Foundrymen’s Assoc , v 40, 1932, pp 153-167 

537 Kikuta, T Effect of Thermal Treatment on the Characteristics 

of Black-heart Malleable Iron, Trans. Am Foundrymen*s Assoc , v 
40, 1932, pp 401-443 

538 Kommers, J B Understressmg and Notch Sensitiveness in Fatigue, 

Eng News-Record, v 109, 1932, pp 353-355 

539 Koster, W , H von Kockritz, and E H Schulz Zur Kenntms 

der Form der Spannungs-Dehnungs-Kurven auf Grund der Messung 
des zeitlichen Verlaufes der Alterung weichen Stahles (Form of the 
Tension-elongation Curves on the Basis of Measurement of the Tem- 
porary Course of Aging of Soft Steel), Archivf d Exsenhuttenwesen, 
V 6, 1932, pp 55-60 Abst Metals & Alloys, v. 4, 1933, p MA179 

540 Kuntze, W Die Praxis des Kerbzugversuchs im Hmblick auf die 

technische Kohasionsermittlung (The Practice of the Notched 
Tensile Test with Reference to the Technical Determination of 
Cohesion m Metals), Metallmrischaft, v 11, 1932, pp 179-184 

541 Kuntze, W Die Methodik der technischen Kohasionsermittlung (The 

Method for the Technical Determination of Cohesion), Metall- 
wxrtschaft, v 11, 1932, pp 343-348 

542 Lightner, M W , and C H Herty, Jr The Transverse Impact 

Strength of Plain Carbon, Normalized Steels, Cooper atxve Bull 
59, Min Met Advisory Boards to Carnegie Inst. Tech, and Bur 
Mines, Pittsburgh, 1932, 33 pp 

543 Lorenz, A W . Problems and Practices in the Heat Treatment of 

Steel Castings, Proc Am Soc. Test. Mat , v 32, part 2, 1932, pp 
253-268. Also in: American Foundrymen^s Association and Amer- 
ican Society for Testing Materials, “Symposium on Steel Castings,” 
1932, pp 215-230 



714 


THE ALLOYS OF IRON AND CARBON 


644 Lorenz, F A , Jr : Notes on the Design of Steel Castings, Proc 
Am Soc Test Mat , v 32, part 2, 1932, pp 58-76 Also m: Amer- 
ican Foundrymen^s Association and American Society for Testing 
Materials, Symposium on Steel Castings,^’ 1932, pp 20-38 
545 Loriq, C H , and C E Williams* Physical and Mechanical Properties 
of Some Well-known Cast Steels, American Foundry merits Associa- 
tion and American Society for Testing Materials, “Symposium on 
Steel Castings,” The Societies, Chicago and Philadelphia, 1932, pp 
76-158 

646 MacPherran, R S High-test Cast Iron in the United States of 
America, Foundry Tr J , v 47, 1932, pp 16-19, 25 
547. Main, F L . Brake-drum Metallurgy, S A E / , v 31, 1932, pp 330- 
338 

648 Me Ad AM, D J , Jr Influence of Stress on Corrosion, Trans Am 

Inst Mxn. Met. Eng , v 99, 1932, pp 282-322 

649 Mehl, R F Non-destructive Testing Methods in the Iron and Steel 

Industry, Yearbook Am Iron Steel Inst , v 22, 1932, pp 126-184 
560 Meller, K * “Elcktrische Lichtbogenschweissung” (Electric-arc 
Welding), S Hirzel, Leipzig, 2d ed , 1932, 398 pp 
661 Mellor, j W * “A Comprehensive Treatise on Inorganic and Theo- 
retical Chemistry,” Longmans, Green & Companv, London, 1932, 

V 12, 944 pp 

562 Meyersberg, G Einfluss der Bearbeitung auf die Ergebnisse des 

Biegeversuchs bei Gusseisen (Influence of Machining on the Results 
\ of Bending Tests on Cast Iron), Archtv f d Eisenhuttenwesen^ 

V 5, 1932, pp 511-512 

563 Middleton, T R The High-frequency Furnace and Its Use for the 

Manufacture of Steel Castings, Foundry Tr J ,y 46, 1932, pp 73-75 

564 Nbuendorff, G G Izett Steel, What It Is and What It Is Used For, 

Metals & Alloys^ v 3, 1932, pp 61-68 
556 Pearce, J G The Strength of Cast Iron in Relation to Combined 
Carbon Content, Bull Br Cast Iron Research Assoc , v 3, 1932, 
pp 147-149 Abst Metals & Alloys, v 4, 1933, p MAS 10 
556 Peterson, R E . Fatigue of Shafts Having Kevways, Proc Am 
Soc Test Mat , v 32, part 2, 1932, pp 413-420 
567 Pomp, A , and W Hoger Daucrstandfestigkeitsuntersuchungen an 
Kohlenstoff- und nicdriglegierten Stahlen nach dein Abkurzungs- 
verfahren (Creep Tests on Carbon and Low-alloy Steels by an 
Accelerated Method), MtU K ~W Inst Eisenforschung, v 14, 1932, 
pp 37-57 

658 PuLLiN, V E : Radium in Engineering Inspection, Engineer, v 163, 
1932, pp 492-494 

559 Quick, G W : Tensile Properties of Rail Steels at Elevated Tempera- 
• tures. Bur Stand. J Research, v 8, 1932, pp 173-189 
660 Quick, G W : The Resistance to Impact of Rail Steels at Elevated 
Temperatures, Bur. Stand J. Research, v. 8, 1932, pp 191-198. 

661. Rosbnhain, W.: The Testing of Castings, J. Inst. Metals, v. 48, 1932, 
pp 273-310 



BIBLIOGRAPHY 


715 


562. Ross, E F . Ford Improves Metal Fabricating Processes, Steely v. 90, 
June 6, 1932, pp 27-29 

663 Rotscher, R , and M Fink. Beitrag zur Kerbzahigkeit hochwertiger 
Baustahle (Notch-impact Resistance of High-grade Structural 
Steels), Z Ver deutsch Ing., v 76, 1932, pp 173-177. 

564 Saeger, C. M , Jr , and E J Ash. A Method for Determining the 

Volume Changes Occurring in Metals dunng Casting, Bur Stand 
J Research^ v. 8, 1932, pp 37-60 

565 Saeger, C M , Jr , and E J Ash Volume Changes of Cast 

Irons during Casting, Trans Am Foundrymen* s Assoc , v 40, 
1932, pp 172-187 Also. Bur Stand J Researchj v 8, 1932, pp 
601-614 

566 Sandberg, C. P , O F A Sandberg, and N P P Sandberg Effect 

of Controlled Cooling and Temperature Equalization on Internal 
Fissures in Rails, Metals & Alloys^ v 3, 1932, pp 89-92 

567 Sawin, N N , and E Stachrowski Comparative Tests of Hardened 

Steel by Means of Penetration Testing Apparatus, Trans Am 
Soc Steel Treat , v 20, 1932, pp 249-262 

568 ScHEiL, E . Untersuchungen uber das Wachscn von Gusseisen (The 

Growth of Cast Iron), Archtv f d EtsenhutienweseUy v 6, 1932, pp 
61-67 

569 ScHROEDER, W : Untersuchungen uber den Emfluss von Liegedauer, 

Temperatur, Gasgeschwindigkeit und Atmosphare auf den Eisenab- 
brand (Influence of Time of Exposure, Temperature, Gas Velocity, 
and Atmosphere on Scaling), Archtv f d Etsenhuttemvesen^ v 6, 
1932, pp 47-54 

670 Sergeson, R : Behavior of Some Irons and Steels under Impact 
at Low Temperatures, Trans Am Soc Steel Treat , v 19, 1932, 
pp 368-384 

571 SiMS, C E , and G A Lillieqvist Inclusions — Their Effect, Solu- 

bility, and Control in Cast Steel, Trans Am Inst Mtn Met Eng ^ 
V 100, 1932, pp 154-195 

572 SwANGER, W H , and R D France Effect of Zinc Coatings on the 

Endurance Properties of Steel, Proc Am Soc Test Mat , v 32, 
part 2, 1932, pp 430-452 

573 Tamm ANN, G . ^‘Lehrbuch der Metallkunde" (Textbook of Metallog- 

raphy), Leopold Voss, Leipzig, 4th ed , 1932, 636 pp 

574 Thum, a, and W Buchmann ^‘Dauerfestigkeit und Konstruktion” 

(Endurance and Construction), VDI Verlag, Berlin, 1932, 81 pp 
576 Tour, S Heat Treating Furnace Atmospheres, Metals tfc Alloys, v 3, 
1932, pp 270-272 

676 Voigt, E , and K H ChristIjnsbn Uber die Dampfungsfkhigkeit 

und Schwmgungsfestigkeit des Stahles (Damping Capacity and 
Fatigue Strength of Steel), MtU. K,-W, Inst. Etsevforschung, v 14, 
1932, pp. 151-167 

677 Walle, R : Festigkeitseigenschaften von Stahlguss bei tiefen I’em- 

peraturen (Tensile Characteristics of Cast Steels at Low Tempera- 
tures), Stahl u Etseuy v. 52, 1932, pp. 489-490. 



716 


THE ALLOYS OF IRON AND CARBON 


578. Wallichs, A , and H Beutel: Die Zerspanbarkeit des Stahlgusses im 

Bohrvorgang (The Machinability of Cast Steel in Drilling), Gtesseret, 
V. 19, 1932, pp 241-247 

579. White, A E , and R Schneidewind. The Metallurgy of Malleabiliza- 

tion, Trans Am Foundrymen*s , v 40, 1932, pp 88-124 

580 WiBERG, O A : High Pressures and High Temperatures for Steam 

Prime Movers, Engineering^ v 133, 1932, pp 27-28 

581 Ybnsen, T D Effect of Impurities on Ferromagnetism, Physical 

Rev , ser 2, v 39, 1932, pp 358-363. 

1933 

582 American Foundrymen’s Association and American Society for Testing 

Materials Symposium on Cast Iron, Proc Am Soc Test Mat , 
V 33, part 2, 1933, pp 115-273 

583 American Society of Mechanical Engineers and American Society for 

Testing Matenals Report of Joint Research Committee on Effect 
of Temperature on the Properties of Metals, Proc Am Soc Test 
Mat , V 33, part 1, 1933, pp 209-251 

584 American Society for Steel Treating Physical Property Charts for 

SAE Steels, ^‘National Metals Handbook,’^ The Society, Cleve- 
land, 1933, pp 561-563 

585 American Society for Testing Materials Report of Committee A-5 

on Corrosion of Iron and Steel, Proc Am Soc Test Mat , v 33, 
part 1, 1933, pp 140-172 

586 American Society for Testing Materials. Report of Subcommittee 

XV on Impact Testing, Proc. Am aSoc Test Mat ^ y 33, part 1, 
1933, pp 87-137 

587 American Society for Testing Materials Standard Grain-size Chart 

for Classification of Steels, A S T M Standards, 1933, part 1, pp 
898^899 

588 American Society for Testing Materials: Standard Methods of Brinell 

Hardness Testing of Metallic Materials, A S T M Standards, 1933, 
part 1, pp 942-948 

589 American Society for Testing Materials. Tentative Methods of Rock- 

well Hardness Testing of Metallic Materials, Proc Am Soc Test 
Mat , V 33, part 1, 1933, pp 967-975 

590 Austin, C R , and J R Gier- Studies on a Modification of the Rohn 

Test for Investigating Creep of Metals, Proc. Am Soc Test Mat , 
V. 33, part 2, 1933, pp 293-314 

591 Behrens, O : Der Emfluss der Korrosion auf die Biegeschwingungs- 

festigkeit von Stahlen und Remmckel (The Influence of Corrosion 
on the Endurance Limit m Bending of Steels and Pure Nickel), 
Mitt d. Wohler-Inst , Braunschweig, No. 15, NEM Verlag, Berlin, 
1933, 73 pp. 

592. Bengough, G D. : Corrosion of Metals in Salt Solutions and Seawater, 

J. Soc Chem. Ind., v. 52, 1933, pp. 195-210, 228-239 

593. Bobgehold, A. L : Wear Tests and Value of Hardness Testing for 

Control of Product, Trans. Am. Foundrymen^s Assoc , v 41, 1933, 
pp. 575-586. 



BIBLIOGRAPHY 


717 


694 Brioos, C. W , and R A Gezelius Studies on Solidification and 

Contraction and Their Relation to the Formation of Hot Tears 
in Steel Castings, Trans Am Foundrymen*8 Assoc , v 41, 1933, pp 
385-448. 

695 Brophy, G R , and L L Wyman* Factors Influencing the Aimeahng 

of Cold-rolled Strip Steel, Trans Am Soc Steel Treat , v 21, 1933, 
pp 532-556 

696 BflHLER, H , and H Buchholtz Die Wirkung von Eigenspannungen 

auf die Biegeschwmgungsfestigkeit (Influence of Internal Stresses 
on Endurance), Stahl u Etsen^ v 53, 1933, pp 1330-1332 

697 Comstock, G F Titanium in Gray Cast Iron, Iron Age, v 131, 1933, 

pp 857-859, adv p 12 

698 Coyle, F B Making, Drawing, and Forging Dies from Gray Cast 

Iron, Steel, v 92, June 19, 1933, pp 26-27 

599 Curran, J J , and E A Sanford Wrought Iron — Fact and Opinion, 

Metals cfe Alloys, v 4, 1933, pp 1-5 

600 De Haas, W J , and R A Hadfield On the Effect of the Tempera- 

ture of Liquid Hydrogen (—252 8®C ) on the Tensile Properties of 
Forty-one Specimens of Metals Comprising (a) Pure Iron 99 85%; 
(6) Four Carbon Steels; (c) Thirty Alloy Steels, (d) Copper and 
Nickel; (e) Four Non-ferrous Alloys, Phil Trans Royal Soc , London, 
ser A, V 232, 1933, pp 297-332 

601 Delbart, G . I/Acier moul<5 — Structure — Traiternents thermiques — 

Propri6t^s (Cast Steel, Structure, Thermal Treatment, Properties), 
Bull Assoc Tech deFonderie,Y 7, 1933, pp 87-110 

602 Desch, C H Recent Developments in Metallurgy — Aging and Age 

Hardening, Foundry Tr J , y 48, 1933, p 370 

603 Detroit Electric Furnace Company Effect of Temperature and 

Stirring on Cast Iron, mimeographed report, March 16, 1933, 8 pp 

604 Donaldson, J W The Thermal Conductivity of Wrought Iron, Steel, 

Malleable Cast Iron, and Cast Iron, J Iron Steel Inst , v 128, 
1933, pp 255-276 

605 Dusold, T Der Emfluss der Korrosion auf die Drehschwmgungs- 

festigkeit von Stahlen und Nichteisenmetallen (The Influence of 
Corrosion on the Torsional Endurance Limit of Steels and Non- 
ferrous Metals), Mitt d Wohler-Inst , Braunschweig, No 14, NEM 
Verlag, Berlin, 1933, 89 pp 

606 Eaton, G M Practical Plasticity Problems, Mech Eng , v 55, 1933, 

pp 557-560; discussion, pp 647-649 

607. Egan, J J , W Crafts, and A B Kinzel: Low-temperature Impact 
Strength of Some Normahzed Low-alloy Steels, Trans Am Soc 
Steel Treat, v 21, 1933, pp 1136-1152. Also. Metal Progress, v 
24, No 3, 1933, pp 18-20 

608 Esser, H , and G Muller: Die Gitterkonstanten von reinem Eisen 
und Eisen-Kohlenstoff-Legierungen bei Temperaturen bis 1100® 
(Lattice Constants of Pur^ Iron and Iron-carbon Alloys at 'fem- 
peratures up to 1100®C ), Archiv f d. EtsenhtUtenwesen, v 7, 1933, 
pp. 265-268. 



718 


THE ALLOYS OF IRON AND CARBON 


609 Faulhaber, R, H. Bughholtz, and E. H Schulz* Emfluss des 
Probendurchmessers auf die Biegeschwingungsfestigkeit von Stahl 
(Influence of the Diameter of the Test Specimen on the Endurance 
Limit of Steel), Stahl u Etsen, v 53, 1933, pp 1106-1108. 

610. Foley, F B * Creep Testing and High-creep Steels, Iron Age^ v 132, 
Dec 21, 1933, pp 21-23 

611 Forsman, O * Bidrag till kannedomen om stMs hMlfasthet mot 

utmattning och slag vid lli,g temperatur (Fatigue and Impact 
Strength of Steel at Low Temperatures), Jernk Ann , v 117 (88), 
1933, pp 519-529 

612 French, H J Fatigue and the Hardening of Steels, Trans Am 

Soc Steel Treat. ^ v 21, 1933, pp 899-946 

613 Galibourg, J Sur le vieillissement des mcStaux apr^s 6crouissage par 

traction (Aging of Metals after Cold Working in Tension), Rev 
de MU , M6m , v 30, 1933, pp 96-111 

614 Gillett, H W , and H C Cross. Obtaining Reliable Values for 

Creep of Metals at High Temperatures, Metals & Alloy s^ v 4, 1933, 
pp 91-98, 104 

615 Gough, H J , and D G Sopwith Some Comparative Corrosion- 

fatigue Tests Employing Two Types of Stressing Action, J Iron 
Steel Inst , v 127, 1933, pp 301-335 

616 Granjon, R a propos des deformations soudure et oxycoupage 

(Distortion in Welding and Oxygen Cutting), Soudure et Oxycoupage 
(Suppl to Rev de la Soudure Autogene) y v 10, 1933, p 10 

617. Gregg, A W New Heat Treatment for Carbon Steel Locomotive 

Castings, Iron Age^ v 131, 1933, pp 192-193, adv p 18 

618. Greiner, E S, J S Marsh, and B Stoughton *‘The Alloys of 

Iron and Silicon,'' McGraw-Hill Book Company, Inc , New York, 
1933, 457 pp 

619. Grotts, F Dynamic Properties of Steel Castings, Trans Am Founds 

rymen’s Assoc. y v 41, 1933, pp 538-557 

620 Hall, R * High-strength and Wear-resistant Malleable Cast Iron, 

Trans Am Foundrymen’s Assoc , v 41, 1933, pp 112-126 

621 Harder, O E , and H A Grove. Hot Hardness of High-speed Steels 

and Related Alloys, Am Inst Mm Met Eng , Tech Pub 497, 
1933, 39 pp 

622 Hensel, F R , and T. F Hbngstenberg Some Observations on the 

Effects of Inclusions on the Tensile and Dynamic Properties of 
Certain Ferrous Metals, Am Inst. Mm Met Eng , Preprint y 1933, 
27 pp 

623 Iron and Steel Institute: First Report of the Steel Castings Research 

Committee, Special Rep 3, The Institute, London, 1933, 56 pp 

624 Johnson, J B , and T Oberg* Mechanical Properties at Minus 40 

Degrees of Metals Used in Aircraft Construction, Metals & AlloySy 
V 4, 1933, pp 25-30 

625 Kawai, T * Serrated Discontinuity on Load-extension Diagram and 

Age Hardening of Metals and Alloys, Sci . Rep , Sendai, ser. 1, v 22, 
1933, pp 354r-374. 



BIBLIOGRAPHY 


719 


626 Kbulbgan, G. H , and M R Housbman Temperature Coefficient 

of the Moduli of Metals and Alloys Used as Elastic Elements, 
Bur Stand J Research, v. 10, 1933, pp. 289-320 

627 Kinsky, F. Formation of Columnar Crystals m Steel Sheets after 

Normalization, J Iron Steel Inst , v 127, 1933, pp 209-228 

628 Koch, A , and E Piwowarsky. Emfluss des Kohlenstoffgehaltes auf 

das Gefuge und die Festigkeitseigenschaften dos grauen Gusseisens, 
unter Berucksichtigung verschiedener Sihziumgehalte, Giesstem- 
peraturen und Wandstarken (Influence of the Carbon Content on 
the Structure and the Mechanical Properties of Gray Cast Iron, with 
Consideration of Different Silicon Contents, Casting Temperatures, 
and Wall Thicknesses), Gtesseret, v 20, 1933, pp. 1-7, 26-31 

629 Krynitsky, A I Surface Tension of Molten Metals, Metals & Alloys 

V 4, 1933, pp 79-84 

630 Leitner, F : Der Emfluss des Grundwerkstoffes auf die Bildung von 

Fehlstellen bei der Lichtbogenschweissung (The Influence of the 
Base Metal on the Formation of Defects in Electric-arc Welding), 
Archivf d Eisenhuttenwesen, v 7, 1933, pp 311-314 

631 Lequis, W , H Buchholtz, and E H Schulz Biegeschwmgungs- 

festigkeit und Kerbempfindlichkeit m ihrer Beziehung zu den ubrigen 
Festigkeitseigenschaften bei Stahl (Relation of Fatigue Strength 
and Notch Sensitiveness to the Other Strength Properties of Steel), 
Stahl u Etsen, v 53, 1933, pp 1133-1137 

632 Logan, K H The Protection of Pipes against Soil Action, Trans. 

Electrochem Soc , v 64, 1933, pp 113-124 

633 Luerssen, G V , and O V Greene The Torsion Impact Test, 

Froc Am Soc Test Mat , v 33, part 2, 1933, pp 315-333 

634 Lyse, I , and H J Godfrey Shearing Properties and Poisson^s Ratio 

of Structural and Alloy Steels, Froc Am Soc Test Mat , v 33, 
part 2, 1933, pp 274-292 

635 Mailander, R Ubei die Dauerfestigkeit von mtrierten Proben (The 

Fatigue of Nitrided Specimens), Z Ver deutsch Ing , v 77, 1933, pp 
271-274 Also Tech Mitt Krupp, July, 1933, No 2, pp 53-58 

636 Maurer, E , and H Korschan. Beitrag zur Kenntnis der mecha- 

nischen Eigenschaften grosster Schmiedestucke (Mechanical Prop- 
erties of Large Forgings), Stahl u, Eisen, v, 63, 1933, pp. 209-215, 
243-251 

637 McMullan, O W Martensitic Grains in Air-cooled Low-carbon 

Steel and Their Effect on Machmability, Trans. Am Soc. Steel 
Treat , v 21, 1933, pp 1034-1060 

638 Mears, R B Combating Rust with Metallic Finishes, Beil Lab 

Record, v 11, 1933, pp 141-144 

639 Merz, a., and H Schuster: Itber die Graphitisierung von weissem 

Gusseisen (The Graphitization of White Cast Iron), Giesseret, 

V 20, 1933, pp 145-151, 173-181 

640 Mitinsky, a Le module d^41asticit4 des m^taux k diff4rentes tempera- 

tures (The Elastic Modultis of Metals at Different Temperatures), 
Chimu et Industrie, Special No., v. 29, 1933, pp. 616-619. 



720 


THE ALLOYS OF IRON AND CARBON 


641 Moore, H F : Corrosion Fatigue of Metals, Metals <fc Alloys^ v. 4, 

1933, pp 39-40 

642 Moore, H F , and H. B Wishart. An ^'Overnight^^ Test for Deter- 

mming Endurance Limit, Proc. Am Soc Test Mai , v. 33, part 2, 
1933, pp 334r-347 

643. Murphy, D W . Behavior of Steel in Sulphur-containing Atmospheres 
at Forging Temperatures, Trans Am Soc Steel Treat , v 21, 1933, 
pp 510-531 

644 National Bureau of Standards Standard and Specifications for Metals 

and Metal Products, Mtsc Publ No 120, 1933, pp 706-742 

645 Neustatter, K Beitrag zur Kenntnis des Kupolofenbetriebs beim 

Erschmelzen von hochwertigem graueii Gusseisen (Cupola Furnace 
Practice in Melting High-test Gray Iron), Mitt Forsch -Anst d. 
GHH Konzerns, y 2, 1933, pp 112-134 

646 Palmer, F R . Factors That Affect Machinability, Metal Progress, 

V 23, No 4, 1933, pp 17-19 

647 P^iRiN, S Contribution ^ lY'tude de la coulabilitd des fontes (Casta- 

bility of Irons), Fondene Beige, v 3, 1933, pp 160-175 Also 
(pr6sent6 par R Berger) . Bull Assoc Tech de Fondene, v 7, 1933, 
pp 489-506 Abst . Metals & Alloys, v 4, 1933, p 176 Abst 
Rev de Mit , M4m , v 31, 1934, pp 377-380 

648 PiwowARSKY, E Die Auflosungsgeschwmdigkeit des Graphits in 

flussigem Eisen (Rate of Solution of Graphite in Molten Iron), 
Archiv f d Eisenhuttenwesen, v 7, 1933, pp 431-432 

649 PiwowARSKY, E , B Bo^ic, and E Sohnc hen Zugfestigkeit und 

Einschnurung von Stahlguss bei 650 bis 1450° (Tensile Strength 
and Reduction of Area of Cast Steels at Temperatures between 
650 and 1450°C ), Archiv f. d Eisenhuttenwesen, v 7, 1933, pp 
127-130 

650 PiwowARSKY, E , and E Sohnchen Wandstarkenempfindlichkeit und 

Treffsicherheit bei unlegiertem und legiertem Gusseisen (Wall- 
thickness Susceptibility and Reliability of Unalloyed and Alloyed 
Cast Irons), Z Ver deutsch Ing , v 77, 1933, pp 463-468 Abst 
Stahl u Eisen, v 54, 1934, pp 267-268 

651 PoHL, W M Vibrations of Structures and Mateiials, Product Engi- 

neenng, v 4, 1933, pp 91-94 

652 Pomp, A , and B Zapp Beitrag zur akustischen Werkstoffuntersuchung 

von Stahlstaben insbesondere fur die Herstellung von Gongspielen 
(Acoustic Testing of Steel Rods Especially for the Manufacture of 
Gongs), Mitt K - W Inst Eisenforschung, v 15, 1933, pp 21-35 
653. Saeger, C M , Jr , and E J Ash* Properties of Gray Cast Iron as 
Affected by Casting Conditions, Trans Am Foundrymen^s Assoc, 

V 41, 1933, pp 449-468 

654 Schmidt, W * tJber thermische Ausdehnungsmessungen an Eisen 
mittels Rontgenstrahlen (Thermal Expansion Measurements on 
Iron by Means of X-rays), ‘‘Ergebnisse der technischen Rontgen 
kunde,^^ Akademische Verlagsgesellschaft m b H , Leipzig, 1933, 
V. 3, pp 194-201. 



BIBLIOGRAPHY 


721 


655 Schwarz, M von: Gusseisen-Geftigelehre (The Structure of Cast 

Iron), Forschungsarh uber Metallkunde u RorUgenmetaUographie^ 
No 10, 1933, 164 pp 

656 Schwarz, M von, and A Vath. Beziehungen zwischen der Wand- 

starke, dem Stabdurchmesser und dem Maurer-Diagramm fur 
Gusseisen (Relations between Wall Thickness, Specimen Diameter, 
and the Maurer Diagram for Cast Iron), Gtesseret, v 20, 1933, pp 
373-376 

657 ScoRAH, R L . Models Reveal Changes Needed to Combat Fatigue, 

Machine Design^ v 5, November, 1933, pp 31-33 

658 Shelton, S M , and W H Sw anger Thermal Conductivity of 

Irons and Steels and Some Other Metals in the Temperature Range 
0 to 600 °C , Trans Am Soc Sled Treat , v 21, 1933, pp 1061-1078 

659 Simonds, H R Permanent Molds in Manufacturing Cream Separator 

Parts, Iron Age^ v 131, 1933, pp 940-943 

660 Sohnchen, E , and E Piwowarsky Emfluss der chemischen Zusam- 

mensetzung von Gusseisen auf semen Verschleiss (Influence of the 
Chemical Composition of Cast Iron on Its Wear), Archivf d Eisen- 
hultenwesen, v 7, 1933, pp 371-372 

661 Sommer, F Physikalische Eigenschaften von Gasschmelz- und 

Lichtbogen-Schweissen bei Baustahlen hoherer Festigkeit (Physical 
Properties of Gas and Electric Welds m High-strength Structural 
Steels), Autogene Meiallbearheitung^ v 26, 1933, pp 22-27 

662 SusLOV, B M Rail Failures in Siberian Winters, Metal Progressy v 

24, No 6, 1933, pp 45^47 

663 Tapsell, H J Creep of Steels, Soc Chem Ind , Chern Eng Group, 

February, 1933, 8 pp Abst : Mech World and Eng Recordy v 93, 
1933, pp 236-237, 263-265, 312-314 

664 Templin, R L . The Fatigue Properties of Light Metals and Alloys, 

Proc Am Soc Test Mat , v 33, part 2, 1933, pp 364-386 

665 Thum, E E (editor) : ^‘The Book of Stainless Steels,” American Society 

for Steel Treating, Cleveland, 1933, 631 pp 

666 Tiemann, H P . ^‘Iron and Steel,” McGraw-Hill Book Company, Inc , 

New York, 3d cd , 1933, 590 pp 

667 Uhlitzsch, H , and W Weichblt (The Maurer Cast Iron Diagram), 

Dissertation, Sachs Bergakademic Freiberg, 1933 Abst Stahl u 
Eisen, v. 54, 1934, p 1091 

668 Upthegrove, C * Scaling at Heat Treating Temperatures, Metal 

Progress, v 23, No 6, 1933, pp 30-33, 62 

669 Upthegrove, C , and D W Murphy Scaling of Steel at Heat Treat- 

ing Temperatures, Trans, Am Soc Steel Treat , v 21, 1933, pp. 
73-96 

670 Verein deutscher Ingemeure, I'achausschuss fur Maschmenelemente 

(Committee on the Principles of Machine Design) Dauerfestigkeits- 
Schaubilder (Endurance-limit Diagrams), Z Ver deutsch Ing , 
V 77, 1933, suppl to No 42, Oct 21, 4 pp , and: Dauerfestigkj^its- 
Schaubilder' von Kohlen»toff-Stahlen (Endurance-limit Diagrams 
for Carbon Steels), ibid , suppl to No 50, Dec 16, 2 pp 



722 


THE ALLOYS OF IRON AND CARBON 


671 White, A E , and R SrHNEiDE>\iND. Effect of Superheat on Anneal- 

ing of Malleable Iron, Trans Am Foundrymen' s Assoc , v 41, 1933, 
pp 98-111 

672 Wood, T J : Growth of Gray Cast Irons, Iron Age, v 132, July 13, 

1933, pp. 12-13. 

673 Wood, T J . Growth of Cast Irons at High Temperatures, Iron Age, 

V 132, July 27, 1933, pp 12-14 

674 Wood, T J . Castings That Keep Strength and Shape at High Tem- 

peratures, Iron Age, v 132, Aug 3, 1933, pp 30-32 

1934 

675 Abegg, R, F Auerbach, and I Koppel (editors) “Handbuch der 

anorganischen Chemie’^ (Handbook of Inorganic Chemistry), 
S Hirzel, Leipzig, v 4, section 3, part 2 A, No 4, 1934 

676 Abram, H H The Value of Young’s Modulus for Steel, J Iron 

Steel Inst , v 129, 1934, pp 325-330 

677 American Society for Testing Materials Report of Special Sub- 

committee (of Committee A-3) on Test Bars, Froc Am Soc Test 
Mat , V 34, part 1, 1934, pp 148-153 

678 Anon Failure of Rail Steel, Iron Age, v 133, Feb 8, 1934, p 41-B 

679 Austin, J B , and R H H Pierce, Jr The Linear Theimal Expan- 

sion and a -7 Transformation Temperature (As Point) of Pure Iron, 
Trans Am Soc Metals, v 22, 1934, pp 447-470 

680 Bolton, J W . Heat Treatment of Cast Iron, Foundry, v 62, 1934, 

No 8, pp 18-20, 48; No 9, pp 16-18, 56, 59 

681 British Cast Iron Research Association Thirteenth Annual Report 

for the Year Ending June 30, 1934, The Association, London, 1934, 
23 pp 

682 Cross, H C High -temperature Tensile, Cre^jp, and Fatigue of Cast 

and Wrought High- and Low-carbon, 18 Cr 8 Ni Steel from Split 
Heats, Trans Am Soc Mech Eng , v 56, 1934, pp 533-553 

683 Dauvergne, J . Lcs diff<5rentes quaht6s d’acier doux envisag^es du 

point de vue de leur resistance k chaud (Different Qualities of 
Soft Steels from the Standpoint of Their Resistance to Heat), 
Chtmte et Industrie, Special No , April, 1934, pp 609-613 

684 Davenport, E S , E L Roff, and E C Bain Microscopic Cracks 

in Hardened Steel, Their Effects and Elimination, Trans Am 
Soc Metals, v 22, 1934, pp 289-310 

685 Dejean, P , and S Gerszonowicz* ‘‘fitat actuel de I’essai de fragilit(:^ 

des mdtaux” (Present Status of Testing Metals for Brittleness), 
Dunod, Pans, 1934, 103 pp 

686 Denison, I A , and R B Hobbs Corrosion of Ferrous Metals m 

Acid Soils, Bur Stand J Research, v. 13, 1934, pp 125-150 

687 Diepschlag, E . Die Gusshaiit (The Casting Skin), Giesserei, v 21, 

1934, pp 408-412 

688 Donaldson, J W : The Thermal and Electrical Properties of Cast 

Iron, Foundry Tr J , v. 50, 1934, pp 283-285. 

689. Dowling, J. J , S M Dixon, and M A Hogan Fatigue Tests on 
Hard Drawn Steel Wire, Engineer, v. 157, 1934, pp 424-426 



BIBLIOGRAPHY 


723 


690 Dustin, H * (Report of) Belgian Research Committee on the Behavior 

of Metals at Elevated Temperatures, J. Iron Steel Inst , v 130, 
1934, pp 127-141 

691 Eakin, C. T . a Review of Spring Wire Characteristics, Iron Age^ 

v 134, Aug 16, 1934, pp 10-19, 76, 78 

692 Eilbnder, W W Oertel, and H Schmalz: Grundsatzliche Unter- 

suchungen des Verschleisses auf der Spmdel-Maschine (Fundamental 
Studies of Wear with the Spindel Machine), Archtv f d Etsenhutr 
tenweseny v 8, 1934, pp 61-65 

693 Eisenkolb, F Uber die Bewitterungsversuche mit Femblechen 

aus weichem Stahl (Weather-exposure Tests with Soft Steel Sheets), 
Korroston u MetallschutZy v 10, 1934, pp 161-166 

694 Enders, W • Einfluss der Gefugeausbildung auf die Dauerstandfestig- 

keit des Stahles (Influence of Structure on the Creep of Steels), 
Mitt K -W Inst Etsenforschungy v 16, 1934, pp 159-167 

695 Epstein, S , J H Nead, and T. S Washburn Gram-size Control 

of Open-hearth Carbon Steels, Trans Am Soc Metals, v 22, 1934, 
pp 942-978 

696 Esser, H , V Greis, and W Bungardt. Uber die innere Reibung 

von flussigem Roheisen (Inner Friction in Liquid Pig Iron), Archtv 
f d Etsenhuttenwesen, v 7, 1934, pp 385-388 

697 Esser, H , and G Ostermann Einfluss dor Warmebehandlung auf die 

magnetische Sattigung unlegierter Stable (Influence of Heat Treat- 
ment on Magnetic Satin ation of Unalloyed Steels), Archtv f d 
Etsenhuttenwesen, v 8, 1934, pp 173-176 

698 Finkbldey, W H The Early Interpretation of Test Results in the 

Atmospheric Corrosion of Nonferrous Metals and Alloys, “Sym- 
posium on the Outdoor Weathering of Metals and Metallic Coat- 
ings, “ Washington Regional Meeting, American Society for Testing 
Materials, March 7, 1934, pp 69-98 

699 Foppl, O Die Qualifikation der Werkstoffe mit Hilfe der Werkstoff- 

dampfung (Appraisal of Materials by Damping Properties), Mttt d 
Wohler-Inst , Braunschwetg, No 18, NEM Verlag, Berlin, 1934,8 pp 

700 French, H J , and J W Sands (editors) “Nickel Alloy Steels,” 

International Nickel Co , Inc , New York, 1934, 7 sections 

701 Gill, E T , and R Good acre. Some Aspects of the Fatigue Properties 

of Patented Steel Wire, J Iron Steel Inst , v 130, 1934, pp 293-323 

702 Gillett, H W Properties of Ferrite as Revealed by Scratch Hardness 

Tests, Metals A Alloys, v 5, 1934, pp 159-160 Extended abstract 
of theses by Briggs and Williams, Stanford University 

703 Gould, A J • The Effects of Superposing Cyclic Stressing upon Chem- 

ical Corrosion, Engtneertng, v 138, 1934, pp 79-81 

704 Graham, H W : Is There a Test for Machmability? Metals & 

Alloys, V 5, 1934, pp 93-95 

705 Gregg, J L , and B. N Daniloff “The Alloys of Iron and Copper,” 

McGraw-Hill Book Company, Inc , New York, 1934, 454 pp - 

706 Griffiths, R The Blistenng of Iron Oxide Scales and the Conditions 

for the Formation of a Non-adherent Scale, J Iron Steel Inst , v 
130, 1934, pp 377-388. 



724 


THE ALLOYS OF IRON AND CARBON 


707. GrOn, P : Uber die im abgekurzten Verfahren ermittelte Dauerstand 
festigkeit von Stahlen in Abhangigkeit von verschiedenen Legierungs 
zusatzen und von der Warmebehandlung, sowie ein Beitrag zur Frag 
des Dehnverhaltens niedriglegierter Stable (Short-time Tests oi 
Creep of Steels m Relation to Alloying and Heat Treatment, and i 
Discussion of the Elastic Behavior of Low-alloy Steels), Mill 
Forsch-Inst Veretmgte Stahlwerkey A G, y 4, 1934, pp 113-160 
Condensed Archtv f d Etsenhuttenweseriy v 8, 1934, pp 205-211 

708 Gruschka, G Zugfestigkeit von Stahlen bei tiefen Temperaturei 

(Tensile Strength of Steels at IjOw Temperatures), Forschungshej 
364, suppl to Forsch a d Gebtete d Ingenteurwesens, Senes B, No 5 
VDI Verlag, Berlin, 1934, 20 pp 

709 Hatfield, W H Steel Castings, Trans Am Foundrymen^s Assoc 

V 42, 1934, pp 672-704 

710 Hattori, D The Thermal Conductivity of Tool Steels, J Ivor 

Steel Inst , v 129, 1934, pp 289-309 

711 Hayes, A , and R O Griffis Non-aging Iron and Steel for Dee{ 

Drawing, Metals <Sc AlloySy v 5, 1934, pp 110-112 

712 Heimke, H W , and W C Schulte Low-temperature Impact Tesb 

of Medium-manganese Steel Plate, Metals & Alloys, v 5, 1934 
pp 31-36 

713 Heinolhofer, K The ^‘Plasticity’' of Iron at Low Temperatures 

Metals Technology, v 1, No 7, 1934, 7 pp Also Trans Am Inst 
Mtn Met Eng , y 116, 1935, pp 232-238 

714 Heindlhofer, K , and B M Larsen Why Do Some Metals Resisl 

Oxidation^, Metal Progress, v 26, No 3, 1934, pp 34-37 

715 Heller, P A , and H Jungbluth Die Wandstarken-Empfindlichkeit 

getrennt gegossener Probestabe und ihre Beziehung zur Analyse 
(Size Effect in Individually Cast Test Bars and Its Relation tc 
Analysis), Tec/i Mitt Krupp, v 2, 1934, pp 106-116 Condensed 
Archtv f d EtsenhuHenwesen, v 8, 1934, pp 75-82 

716 Herold, W . “ Wechselfestigkeit metallischer Werkstoffe” (Endurance 

of Metals), Julius Sprmger, Wien, 1934, 276 pp 

717 Herty, C H , Jr , and D L McBride. Effect of Deoxidation on 

the Impact Strength of Carbon Steels at I.«ow Temperatures, Coopera- 
ttve Bull 67, Min Met Advisory Boards to Carnegie Inst Tech- 
nology and Bur Mines, Pittsburgh, 1934, 43 pp 

718. Hippensteel, C L ; Galvanic Corrosion by Contact of Dissimilar 

Metals, “Symposium on the Outdoor Weathering of Metals and 
Metallic Coatings,” Washington Regional Meeting, American 
Society for Testing Materials, March 7, 1934, pp 99-109 

719. Hocker, C D Outdoor Test Results on Bare and Metal-coated 

Ferrous Specimens, “Symposium on the Outdoor Weathering of 
Metals and Metallic Coatings,” Washington Regional Meeting, 
American Society for Testing Materials, March 7, 1934, pp 1-27 
720 Hopkins, R K Impact Resistance of Some Steels and Welds at 
Sub-zero Temperatures, J Am Welding Soc , v 13, No. 10, 1934, 

pp. 16-28. 



BIBLIOGRAPHY 


725 


721 Hughes, T P , and R L Dowdell: Quenching Steels in Hot Lead, 

Trans Am Soc. MetalSf v 22, 1934, pp 737-750 

722 Hurst, J E : Permanent Set and Elastic Hysteresis in Cast Iron, 

Foundry Tr J y \ 5L 1934, pp 405-406; v 52, 1935, pp 63-64, 66 

723 Institution of Automobile Engineers. Cylinder Wear, Engineer y v 

155, 1934, pp 634r-636, 660-662. 

724 Johnston, J : Corrosion Problems, Ind Eng Chem , v 26, 1934, 

pp 123S-1244 

725 Keil, O von, R Mitsche, A Legat, and M Trenkler: Der Emfluss 

nichtmetallischer Keime auf die Graphitausbildung im Gusseisen 
Vererbungserschemungen im Gusseisen und deren Ursachen (The 
Influence of Nonmetallic Nuclei on Graphite Formation in Cast 
Iron Heredity Phenomena m Cast Iron and Their Causes), Archtv 
f d EtsenhuUenweseny v 7, 1934, pp 579-584 

726 Kenyon, R L , and R S Burns Testing Sheets for Blue Brittleness 

and Stability against Changes Due to Aging, Proc Am Soc Test 
Mat y V 34, part 2, 1934, pp 48-58 

727 Knipp, E . Alterung und Warmzugfestigkeit von Stahlguss (Aging 

and High-temperature Tensile Strength of Steel Castings), Stahl 
u Etsen, v 54, 1934, pp 777-778 

728 Korber, F Qualit4s de resistance des aciers chaud (Tensile Proper- 

ties of Steel at Elevated Temperatures), Rev de Met , M4m , v 31, 
1934, pp 359-368 

729 Koster, W , and W Tonn Zusammenhang zwischen dem Gefu- 

geaufbau der Eisenlegierungen und ihrem Verschleiss bei der PrufUng 
nach M Spindel (Relation between the Structure of Iron Alloys and 
Their Wear in the Spindel Test), Archtv f d Eisenhuttenweseny 

V 8, 1934, pp 111-115 

730 Krouse, G. N a High-speed Fatigue Testing Machine and Some 

Tests of Speed Effect on Endurance Limit, Proc Am Soc Test Mai , 

V 34, part 2, 1934, pp 156-164 

731 Lake, E F Variations in Properties when Treating Large Masses, 

Heal Treating Forgtngy v 20, 1934, pp 128-130 

732 Lemoine, R P . Cupola High-test Cast Iron, Trans Am Foundrymen^s 

Assoc , V 42, 1934, pp 745-761 

733 Lessells, J M . Why the Elastic Modulus of Iron Is Not a Constant, 

Product Engtneertngy v 5, 1934, pp 453-454 

734 Logan, K H , and R H Taylor Soil-corrosion Studies, 1932 Rates 

of Loss of Weight and Pitting of Ferrous and Non-ferrous Specimens 
and Metallic Protective Coatings, Bur Stand. J Resear chy v 12, 
1934, pp 119-145 

735 Lorig, C H , and C. S Smith. Effect of Copper in Malleable Cast 

Iron, Trans Am. Foundrymen^s Assoc y v 42, 1934, pp 211-236 

736 Ludewig, j W * Torsional Moduli Variations of Spring Matenals 

with Temperature, Trans Am Soc MetalSy v 22, 1934, pp 833-860 

737 Mackenzie, J, T : The Meaning of the Transverse Test of Cast 

Iron to the Designing Engineer, Foundry Tr. J.y v. 51, 1934, pp. 129- 
132. 



726 


THE ALLOYS OF IRON AND CARBON 


738 Maurer, E , and H Gummert: Gefuge und Festigkeitseigenschaften 
grosser Schmiedestticke (Structure and Properties of Large Forgings), 
Stahl u EtseUf v 64, 1934, pp 1281-1289, 1309-1320 
739. McAdam, D. J, Jr, and R W Clyne: Influence of Chemically 
and Mechanically Formed Notches on Fatigue of Metals, Bur 
Stand J Research, v 13, 1934, pp 527-572 

740 McVetty, P G : The Interpretation of Creep Tests, Proc Am Soc 

Test Mat , v 34, part 2, 1934, pp 105-122 Abst Iron Age, v 
134, July 26, 1934, pp 16-19 

741 Mellor, j W * “A Comprehensive Treatise on Inorganic and Theo- 

retical Chemistry, Longmans, Green & Company, London, 1934, 
V 13, 948 pp 

742 Moore, H F , and J J Picco* Fatigue Tests of High-strength 

Cast Irons, Trans Am Foundrymen* s Assoc , v. 42, 1934, pp 
52^542 

743 Mutchler, W : The Weathering of Aluminum Alloy Sheet Materials 

Used in Aircraft, National Advisory Committee for Aeronautics, 
Rep 490, 1934, 35 pp 

744 Nipper, H * Contribution to the Study of Graphite Formation and 

Structure in Cast Iron and Its Influence on the Properties of the 
Cast Metal, Foundry Tr J ,v 51, 1934, pp 7-14, 41-42, 62 

745 O^Neill, H ^‘The Hardness of Metals and Its Measurement,'' 

Chapman and Hall, Ltd , London, 1934, 292 pp 

746 Partridge, E P , and W C Schroeder A Critical Summary of 

Published Information Relating to the Embrittlement of Boiler 
Steel, unpublished report to Subcommittee of the Joint Research 
Committee for Boiler Feed Studies, Dec 1, 1934, mimeographed, 
52 pp (presented at A S M E meeting) 

747 Paschke, M , and H Schuster Versuche uber den Emfluss von 

Zusatzen ernes hochgekohlten Spezialroheisens auf die Wachstums- 
und Zunderbestandigkeit von Grauguss (Influence of Additions 
to a High-carbon Special Pig Iron on Growth and Scale Resistance 
of Gray Iron), Giesserei, v 21, 1934, pp 469-476 

748 Passano, R F The Harmony of Outdoor Weathering Tests, “Sym- 

posium on the Outdoor Weathering of Metals and Metallic Coat- 
ings,'' Washington Regional Meeting, American Society for Testing 
Materials, March 7, 1934, pp 28-60 

749 Pearce, J G Modern Cast Irons in Chemical Engineering, J Soc 

Chem Ind , y 12, 1934, pp 1062-1058 
760 Pfannenschmidt, C : Die Schwingungsfestigkeit von Gusseisen und 
ihre Beziehungen zum Aufbau und zur Oberflachenbeschaffenheit 
(Endurance of Cast Iron and Its Relations to Structure and Surface 
Condition), Gtesseret, v 21, 1934, pp 223-228, 243-245 
751 PiwowARSKY, E * ^‘Allgememe Metallkunde'' (General Metallurgy), 
Gebruder Borntrager, Berlin, 1934, 248 pp 
762 PiwowARSKY, E : L'lmportance des processus de solidification eutec- 
tique sur les propri6t4s de la fonte (Eutectic Solidification of Cast 
Iron), BuU. Assoc. Tech, de Fonderxe, v. 8, 1934, pp 96-105. 



BIBLIOGRAPHY 


727 


753 Pomp, A : Uber grobkornige Reknstalhsation hochkohlenstoffhaltigen 
Stables (Coarse-grained Recrystallization of High-carbon Steel), 
Mitt K-W Inst Eisenforschungy v 16, 1934, pp 9-13 

764 Pomp, A : Einfluss des Kohlenstoffgehaltes und der Patentierungs- 

bedingungen auf die Festigkeitseigenschaften gezogener Stahldrahte 
(Influence of Carbon Content and of Patenting Practice on the 
Strength of Cold-drawn Steel Wire), Mitt K -W Inst Eisenfar- 
schung, v 16, 1934, pp 117-127 

765 Pomp, A , and H Herzog. Zur Frage der Dauerstandfestigkeit des 

Stahles oberhalb 500° (The Creep Problem in Steels above 600°C ), 
Mitt K - W Inst Eisenforschungj v 16, 1934, pp 141-153 

756 Price, B K * Improves Quality of Centrifugally Cast Pipe, Stedy 

V 94, Feb 12, 1934, pp 23-25 

757 Ranque, G , and P Henry I>a m^ithode d’ autos tabilisation thermique 

et son utilisation h I’^tude de quelques aciers r6sistant ^ chaud 
(Method of Thermal Self-stabilization and Its Utilization in the 
Study of Some Heat-resistant Steels), Rev de MM , Mem , v 31, 
1934, pp 24S-265 

758 Roesch, K Deutscher Temperguss als Werkstoff irn Maschinen- und 

Apparatebau (Geiman Malleable Iron as Structural Material m 
Machinery and Apparatus), Giesserei, v 21, 1934, pp 264-271 

759 Rolf, R L Coarse- and Fine-grained Steels, Heat Treating Forgingy 

V 20, 1934, pp 271-276, 331-333 

760 Rosenberg, S J , and L Jordan Influence of Oxide Films on the 

Wear of Steels, Bur Stand J Research, v 13, 1934, pp 267-280. 

761 Ruder, W E The Influence of Gram Size on Magnetic Properties, 

Trans Am Soc Metals, v 22, 1934, pp 1120-1141 

762 Sachs, G Die Blechprufung mit dein Erichsengerat (Testing Sheet 

with the Erichsen Apparatus), Metallivirtschaft, v 13, 1934, pp 79-81 

763 Sale, P D Compression Tests of Structural Steel at Elevated 

Temperatures, Bur Stand J Research, v 13, 1934, pp 713-743 

764 ScHANE, P , Jr Effects of McQuaid-Ehn Gram Size on the Structure 

and Properties of Steel, Trans Am Soc Metals, v 22, 1934, pp 
1038-1050 

765 ScHEiL, E , afid W Tonn Vergleich von Brmoll- und Ritzharte (Rela- 

tion between Bnnell and Scratch Hardness), Archiv f d Eisenhut- 
tenwesen, v 8, 1934, pp 259-262 

766 Schmidt, G Einfluss der im techmschen Eisen enthaltenen Verun- 

reinigungen auf die Kerbzahigkeit (Influence of Impurities m 
Commercial Iron on Impact), Arc/wv / d Eisenhuttenwesen,Y 8,1934, 
pp 263-267 

767 Schramm, G N , and E S. Tayi^erson. The Influence of Rainfall and 

Smoke on the Corrosion of Iron and Steel, ‘‘Symposium on the 
Outdoor Weathering of Metals and Metallic Coatings,*^ Washington 
Regional Meeting, Am Soc Test Mat , March 7, 1934, pp 51-68. 

768 Schulz, E. H ; A Low-alloy Rail for Arctic Railroads, Metal Progj^eas, 

V. 26, No. 1, 1934, p. 48 ' 

769. Schwinning, W, M Knock, and K. Uhlbmann; Wechselfestigkeit 
und Kerbempfindhchkeit der Stable bei hohen Temperaturen 



728 


THE ALLOYS OF IRON AND CARBON 


(Resistance to Alternating Stress and Notch Sensitivity of Steels 
at Elevated Temperatures), Z Ver deutsch Ing , v. 78, 1934, pp 
146^1476 

770 Scott, H Factors Determimng the Impact Resistance of Hard- 

ened Carbon Steels, Trans. Am. Soc Metals^ v. 22, 1934, pp. 
1142-1173 

771 Shelton, S M . Thermal Conductivity of Some Irons and Steels 

over the Temperature Range 100 to 500°C , Bur Stand J Research, 

V 12, 1934, pp 441-450. 

772 Sims, C E Preparation of Steel to Avoid Porosity in Castings, 

Trans Am Foundrymen* s Assoc , v 42, 1934, pp 323-338 
773. SiBOviCH, G , and G Vanzetti Investigation of the Composition of 
Common Cast Iron for Boilers, Trans Am Foundrymen^ s Assoc , 

V 42, 1934, pp 71-93 

774 SoHNCHEN, E Die magnetischen Eigenschaften des Gusseisens 

(Magnetic Properties of Cast Iron), Archiv f d Eisenhuttenwesen, 

V 8, 1934, pp 29-36 

775 SoHNCHEN, E Die elektrische und die Warmeleitfahigkeit von 

Gusseisen (Electric and Thermal Conductivities of Cast Iron), 
Archtv f d Eisenhuttemvesen, v 8, 1934, pp 223-229 

776 Speller, F N The Corrosion Problem with Respect to Iron and Steel, 

Trans Am Inst Mtn Met Eng , v 113, 1934, pp 13-33 

777 Stine, W E Lowering Welding Costs by Careful Selection of Steels, 

Metals (& Alloys, v 5, 1934, pp 74-76 

778 Tammann, G , and G Bandel Warmeinhalt und spezifisches Volumen 

der Eisen-Kohlenstoff-Legierungen (Heat Capacity and Specific 
Volume of Iron-carbon Alloys), Archtv f d Etsenhuttenwesen, v 
7, 1934, pp 571-578 

779 Thyssen, H The Influence of Silicon and Aluminum on the Resistance 

of Cast Iron to High Temperatures, J Iron Steel Inst , v 130, 1934, 
pp 153-218 

780 Vath, a “Der Schleuderguss” (Centrifugal Castings), VDI Verlag, 

Berlin, 1934, 107 pp 

781 Walther, H . Dissipation Constants in Solids, Bell Lab Record, 

V 12, 1934, pp 363-366 

782 Walther, H H. Electric Cast Iron Practice, Foundry Tr J , y 51, 

1934, pp 145-148 

783 White, A E , and C L Clark Comparison of Single-step Long- 

time Creep Results with Hatfield’s Time-yield Stress, Trans Am 
Soc Metals, v 22, 1934, pp 481-504 

784 White, A E , and C. L Clark Influence of Gram Size on the High- 

temperature Characteristics of Ferrous and Nonferrous Alloys, 
Trans Am Soc Metals, v 22, 1934, pp 1069-1098 
785. White, A E , C L Clark, and R L Wilson* Qualifications of 
Steels for High-temperature Service in Petroleum Refinery Equip- 
ment, Otl and Gas J , v. 33, Aug 2, 1934, pp 16, 18-19, 51. 

786 White, A E , C L Clark, and R L Wilson Factors Influencing 
Creep of Alloy Steels Used in Refinery Equipment at High Tem- 
perature, Otl and Gas J., v 33, Aug 9, 1934, pp 16, 33, 34, 36. 



BIBLIOGRAPHY 


729 


787 WiECKER, H . Die Biegewechselfestigkeit genuteter Stkbe und die 

Erhohung der Dauerhaltbarkeit durch das Oberflachendriicken 
(Resistance to Repeated Bending of Specimens with Key ways 
and the Improvement m Endurance through Working the Surface), 
Mitt d Wohler-Inst , Braunschweig ^ No. 19, NEM Verlag, Berlin, 
1934, 62 pp 

788 Wilson, R L : Gram Size in Steel, Metal Progress^ v 26, No 2, 1934, 

pp 17-22 

1935 

789 Anon Effect of Superheating on Cast Iron Test Bars, Bur, Stand, 

Te^h News Bull 213, January, 1935, p 6 

790 Armstrong, T N Properties of Some Cast Alloy Steels, Trans Am 

Soc Metals, v 23, 1935, pp 286-318 

791 Bethlehem Steel Company “Bethlehem Alloy Steels’" (Catalog 107), 

The Company, Bethlehem, 1935, 375 pp 

792 Bonzel, M . “Le tr^filagc de I’acier” (Wire Drawing), Dunod, Pans, 

1934, 638 pp (Translated into English by K B Lewis* “Steel 
Wire, Manufacture and Properties,” Engineers Book Shop, New 
York, 1935, 496 pp ) 

793 Clark, P H , and E L Robinson An Automatic Creep Test Furnace 

Guide, Metals <Sc AUoijs, v 6, 1935, pp 46-49 

794 Cleaves, H E, and J G Thompson “The Metal — Iron,” McGraw- 

Hill Book Company, Inc , New York, 1935, 674 pp 

795 Davenport, E S , and E C Bain The Aging of Steel, Trans Am 

Soc Metals, Y 23, 1935, pp 1047-1106 

796 Endo, K On the Oxidation of Iron and Steel at Elevated Temperature 

and the Structure of the Scale, Reports of Research Laboratory, 
Nippon-Seitetsu-Yawata-Steel- Works, v 14, Jan 30, 1935, pp 
1-16 (In Japanese ) Abst * Metals & Alloys, v 6, 1935, p MA 
374L6 

797 Gill, E T , and R Good acre Some Aspects of the Fatigue Properties 

of Patented Steel Wires II Note on the Effect of I>ow-temperature 
Heat Treatment, J Iron Steel Inst , v 132, 1935, pp 143-177. 

798 Gillett, H W Phosphorus as an Alloying Element in Steel, II, 

Metals <Sc Alloys, v 6, 1935, pp 307-310 

799 Gough, H. J , and D G Sopwith Some Further Experiments on 

Atmospheric Action in Fatigue, J Inst Metals, v 56, 1935, pp 55-89 

800 Hempel, M , and C H Plock Schwingungsfestigkeit und Dampf- 

ungsfahigkeit von unlegierten Stahlen in Abhangigkeit von der 
chemischen Zusammensetzung und der Warmebehandlung (Fatigue 
Strength and Damping Capapity of Unalloyed Steels as Dependent 
on Chemical Composition and Heat Treatment), Mitt K-W Inst. 
Eisenforschungy v 17, 1935, pp. 19-31. 

801. Herty, C H , Jr.: The Effect of Deoxidation on Some Properties of 
Steel, Trans. Am Soc. Metals, v 23, 1936, pp 113-125 
802 Hodgman, C D (editor)* Handbook of Chemistry and Physics,” 
Chemical Rubber Publishing Company, Cleveland, 20th ed , 1935, 
p 919. 



730 


THE ALLOYS OF IRON AND CARBON 


803. Hudson, J C . Tests on the Aging of Mild Steel Wire, Iron Steel 

Inst , Spec Rep 8, 1935, pp 191-199 

804. IsENBURGER, H R * X-ray Exposure Charts for Steel, Trans Am 

Soc Metals, v 23, 1935, pp 614-620 

805 Kinzel, a B . Metallurgical Effects Produced in Steel by Fusion 

Welding, Trons Am Inst Mm Met Eng,v 116, 1935, pp 197-215 

806 Lanqebeck, H H Carbon Ix>ss and Pick-up in the Cupola, Metals 

& Alloys, V 6, 1935, pp 31-34, 38 (correlated abstract) 

807 Mann, H C • Relations of Impact and Tension Tests of Steel, Metal 

Progress, v 27, No 3, 1935, pp 36-41 

808 McMullan, O W * Physical Properties of Case-hardened Steels, 

Trans Am Soc Metals, v 23, 1935, pp 319-381 

809 Mears, R B • Effect of Composition on the Corrosion Probability of 

Iron and Steel, Iron Steel Inst , Carnegie Schol Mem , v 24, 1935, 
pp 69-85 

810 Newell, H D The Ductility of Chromium-nickel Austenitic Steeh 

at Elevated Ternperaturch, Trans Am Soc Metals, v 23, 1935, 
pp 225-248 

811 Phillips, A , and H H Dunkle Directional Properties in Rolled 

and Annealed Low-carbon Steel, Trans Am Soc Metals, v 23, 

1935, pp 398-408 

812 PiwowARSKY, E tJber die Auflosungbgeschwmdigkeit des Graphite 

im flussigen Eisen (Rate of Solution of Graphite in Molten Iron), 
Chesserei, v 22, 1935, pp 274-277 

813 Pohl, F * Beitrage zur Kenntnis des Srhahuihartgusses (Chilled 

Cast Iron), Giesserei, v 22, 1935, pp 27-31 

814 Sauveur, a , and H L Anthony Malleable Castings, Trans Am 

Soc Metals, v 23, 1935, pp 409-430 

815 Schulz, E H , and W PtxNGEL Unlegierte Kohlenstoffstahle (Unal- 

loyed Carbon Steels), Werkstoff-Handbuch Stahl und Eisen,’' 
Verlag Stahleisen m b H , Dusseldorf, June, 1935, pp G-1 to G-6 

816 Shelton, S M , and W H Swangbr Fatigue Properties of Steel 

Wire, Bur Stand J Research, v 14, 1935, pp 17-32 

817 Society of Automotive Engineers Iron and Steel Specifications, 

‘^S A E Handbook,” The Society, New York, 1935, pp 251-350 

818 TotjCEDA, E Fluidity Test Equipment for White Iron, Metals <Sc 

Alloys, V 6, 1935, p 130 

819. Vers^i, G : The Elastic Properties of Steel at High Temperatures, 
Trans Am Soc Mech Eng , v 57, 1935, pp 1-5 

820 Watts, O. P : Voltaic Couples and Corrosion, Trans Electrochem 

Soc , V 67, 1935, pp 235-257 

1936 

821 American Society for Metals. Metals Handbook,” The Society, 

Cleveland, 1936, 1392 pp 

822 McKay, R J , and R Worthington: ^‘Corrosion Resistance of 

Metals and Alloys,” Remhold Publishing Corporation, New York, 

1936, 492 pp 



NAME INDEX 


(Item numbers m the Bibliography are m boldface; numbers of the pages 
where the reference is quoted follow the boldface numerals ) 


A 

Abbott, R R , 31, 615 
Abegg, R , 427, 588, 589, 601, 602; 
676, 533 

Abram, H H , 676, 565 
Adam, A T, 64, 120, 142-144, 
147-149, 146, 152-155, 160, 162 
Aitchison, L , 64, 95, 96, 391, 401, 
419, 616, 109, 461; 146, 398 
Albert, W , 229, 125, 128-130, 135, 
138 

Alleman, N J , 446, 447 
Allen, R J , 403; 428, 489, 490, 527, 
528 

Altpcter, H , 122, 123 
American Foundrymen^s Associa- 
tion, 429, 254, 346, 348, 349, 

352, 353, 355-361, 365, 366, 

374, 407, 590; 603, 255, 256; 
682, 254, 257-260, 264, 276, 

280, 281, 283, 290-293, 295, 

310, 324, 326-328, 334-336, 
340, 341 

American Iron and Steel Institute, 
21 

American Railway Association, 24 
American Society of Mechanical 
Engineers, 110, 427, 472, 506; 
204, 427; 244, 427; 362, 652; 
430, 427; 431, 427, 506; 606, 
446, 447; 683, 472, 474, 479,' 
504, 508, 517, 519, 520 
Amencan Society for Metals, 239; 
821, 190, 205, 617, 627, 628, 
648, 666 


American Society for Testing Mate- 
rials, 6, 13, 14, 17, 23, 24, 27, 28, 
39, 289, 291, 355, 500, 540, 
541, 543, 547; 79, 41, 185; 

110, 427, 472, 506; 111, 398; 

147, 622; 172, 545; 173, 625, 

627; 204, 427; 246, 326; 246, 

540, 284, 379, 416, 417; 363, 

398, 429, 254, 346, 348, 349, 

352, 353, 355-361, 365, 366, 

374, 407, 590; 431, 427, 506; 

604, 538; 606, 446, 447, 682, 
254, 257-260, 264, 276, 280, 

281, 283, 290-293, 295, 310, 

324, 326-328, 334-336, 340, 341; 
683, 472, 474, 479, 504, 508, 
517, 519, 520; 686, 547, 686, 
254, 261, 291, 295, 298, 403, 
633, 634; 687, 241; 688, 617; 
689, 617; 677, 329 
Anthony, H L , 814, 372, 373 
Archer, R S , 126, 155, 565 
Armstrong, T N , 790, 67, 69 
Arnold, J 0., 3, 173, 174, 176-178; 

4, 68, 74, 75, 77, 78 
Ash, E. J , 407, 269; 606, 269; 664, 
269; 666, 269, 270; 663, 268, 
269, 310, 312 

Auerbach, F, 427, 588, 589, 601, 
602; 676, 533 

Austm, C R , 432, 410; 690 
Austin, J B , 679, 574 

B 


Bach, C., 112, 296, 297 
Backstrbm, H , 174, 593 



732 


THE ALLOYS OF IRON AND CARBON 


Bailey, R W, 433, 503, 508-512, 
519; 607, 472, 481, 520-522 
Bam, E C , 608, 237, 238; 684, 189, 
205, 206, 630; 796, 162, 163, 171 
Bancroft, W. D , 113, 548 
Bandel, G , 778, 570, 571 
Bardenheuer, P , 148, 264, 269, 573; 
247, 589, 590; 248, 299, 319, 
323, 324; 286, 310-312; 434, 
265, 269, 271, 573 
Bardgett, W E , 609, 503, 507 
Barkhe, R H D , 366, 423 
Barr, W , 609, 503, 507 
Batson, R G , 80, 400 
Battelle Memorial Institute, 407 
Bauer, O , 366, 279 
Baumann, R , 112, 296, 297 
Bean, W R , 97, 374 
Beck, W , 314, 533 
Becker, M L , 464, 409; 627, 409 
Becket, F M., 436, 39 
Bedworth, R E , 106, 557 
Behrens, 0 , 691, 415 
Belaiew, N T , 367, 260 
Belgian Research Committee on 
Behavior of Metals at Elevated 
Temperature, 505 

Benedicks, C , 7, 569, 588; 114, 30, 
149, 538; 174, 593; 206, 279, 
287, 570-572 

Bengough, G D , 692, 544 
Berglund, T , 232, 479 
Berlin, D W , 114, 30 
Berry, W G , 210, 418 
Bertella, C A , 16 
Bethlehem Steel Company, 791, 
91, 178-180, 182, 183, 190, 201, 
202, 209-211 
Beutel, H , 678, 656, 657 
Bierbaum, C H , 368, 622 
Bleakney, H H , 436, 653 
Boegehold, A L , 693, 276, 277, 286 
Bolsover, G R , 239, 123-125, 149, 
160-162 

Bolton, J W, 296-298, 327, 528; 
249, 326; 288, 326; 437, 278, 
403, 486, 487, 528; 610, 292; 680, 
335 


Bonney-Floyd Company, 66 
Bonzel, M , 792, 112, 120, 122, 123, 
131, 132, 142, 143, 146-148 
Bomemann, K., 27, 587, 588 
Bomstem, H , 327; 289, 276; 437, 
278, 403, 486, 487, 528; 438, 
325, 326 

Boston, O W , 652; 260, 653; 439, 
353, 354; 440, 656 

Bottenberg, W , 434, 265, 269, 271, 
573 

Boylston, H M , 261, 263 
Bo^ic, B , 649, 483-486 
Brearley, H , 95-97 
Bridgman, P W , 81, 568 
Briggs, C W, 469, 475; 441, 28; 

694, 28, 30, 37 
Briggs, J Z , 622 

Brmell, J A , 84, 85, 175, 176, 207, 
658; 9, 430, 432 

British Cast lion Research Associa- 
tion, 4, 5, 280; 681, 321 
British Engineering Standards Asso- 
ciation, 17; 66, 187-190, 194, 
196-198, 201, 217, 218, 224-226, 
627 

Bromewski, W , 26, 593 
Brophy, G R , 611, 406; 696, 166, 
167 

Brown, 153, 154 
Brumfield, R C , 176, 618 
Buchholtz, H , 696, 390; 609, 381, 
408; 631, 461 
Buchmann, W , 674, 399 
Budgen, N F , 202, 533 
Buhler, H , 696, 390 
Bull, R A , 23, 40, 41; 442, 25, 52; 

443, 61, 62, 512; 444, 37; 612, 40 
Bungardt, W , 696, 265 
Burgess, G K , 32, 578 
Bums, R S , 726, 475 

C 

Calcott, W. S., 98, 533 
Camp, J. M , 160, 7, 97, 201, 203, 
263 



NAME INDEX 


733 


Campbell, E. D., 33, 691, 592; 42, 
593 

Campbell, H H , 10, 87, 88, 91; 12, 
87 

Capron, J D , 206, 330, 331 
Chancellor, W. C , 17, 18, 19 
Charpy, G , 46, 96, 97, 222 
Cheney, W. L , 82, 596, 598, 599, 
607, 609, 610 

Chickaschige, M , 369, 578 
Christensen, K H , 676, 406 
Cioffi, P. P., 613, 601 
Clamer, G H , 322 
Clark, C. L, 512, 514; 290, 519; 
783, 501; 784, 501, 524; 786, 
524; 786, 524 
Clark, P H , 793, 505 
Cleaves, H E, 794, 3, 152, 166, 
183, 423, 533, 537, 542, 548, 
549, 552, 563, 573, 577, 579, 
585-589, 593, 594, 596, 597, 
600, 601, 611 

Clenshaw, W J , 240, 402, 482 
Clyne, R W , 739, 383, 409, 419, 421 
Cockrell, W L , 164, 397 
Coffin, F P , 614, 504 
Comstock, G F , 697, 321 
Cournot, J , 86, 432, 461 
Cowdrey, I H , 161, 618; 360, 617 
Cox, W J , 467, 564 
Coyle, F B, 207, 317, 318; 291, 
317; 446, 335, 339, 340; 698, 280 
Crafts, W , 607, 461 
Crook, W. J , 292, 395 
Cross, H C, 208, 569; 212, 427, 
515; 614, 505; 682, 523 
Crowther, O H , 29, 440 
Cunningham, J F , 616, 461 
Curran, F J , 231, 274 
Curran, J J , 262, 561; 699, 545 
Cushman, A S , 16, 533 
Custer, E. A , 43, 334 

D 

Dabrmghaus, H., 420, 2/^, ^75; 
421, 652, 653, 656 


Daeves, K., 16, 17, 19, 86; 361, 91- 
94 

Dahmen, A , 230, 502, 511 
Daniloff, B. N., 706, 541, 553 
Dauvergne, J , 683, 514, 515 
Davenport, E S , 239, 240; 92, 367; 
684, 189, 205, 206, 630; 796, 
162, 163, 171 
Davies, H J , 366, 423 
Davis, A L , 656 
Dawidenkow, N , 362, 66^ 

Day, R O , 293, 475 
Dean, R S., 293, 475 
De Haas, W J , 600, 458 
Dejean, P , 686, 626-628 
Delbart, G , 601, 38, 39 
Denison, I A , 686, 546 
Derry, A T , 117, 98 
Desch, C H , 602, 479 
Detroit Electric Furnace Company, 
603, 322 

Dickenson, J H. S , 433, 503, 508- 
512, 519 

Dickson, T C , 363, 72 
Diepschlag, E , 446, 276; 687, 328, 
329 

Digges, T G , 447, 654, 655; 616, 
653, 655 

Dittnch, W. E , 102-104, 108, 135- 
138, 166, 649, 650 
Dixon, E S , 448, 516 
Dixon, S M , 689, 383, 392 
Donaldson, J W , 162, 278, 336; 
209, 278, 336; 263, 278, 336; 
364, 583; 617, 583; 604, 580; 
688, 583 

Doring, H , 366, 415 
Dowdell, R L., 116, 605, 607; 210, 
418; 391, 30, 42; 392, 30, 42, 58, 
59; 721, 206 

Dowling, J. J , 689, 383, 392 
Dreyer, A., 72, 57, 58 
Driesen, J , 28, 575-577 
Dunkle, H H , 811, 132-134 
Dupuy, E L , 34, 593; 66, 432 
Dusold, T , 606, 415 
Dustin, H , 690, 505 
Dwyer, P., 618, 334 



734 


THE ALLOYS OF IRON AND CARBON 


E 

Eakin, C. T , 691, 150, 151 
Eaton, G M., 606, 508 
Ebbefeld, C., 148, 264, 269, 573 
Egan, J J., 607, 461 
Eggert, F., 446, 276 
Ehn, E W , 239 

Eicken, H , 116, 119, 120, 128, 131, 
132, 134 

Eilender, W , 692, 661, 662 
Eisenkolb, F , 693, 550 
Eksergian, C L , 648 
Ellinger, G. A., 132 
Elliott, G K., 61, 310; 66, 310; 83, 
310 

Elhs, O. W , 619, 428, 429 
Enders, W , 402, 502; 694, 524-526 
Endo, H , 213, 30 
Endo, K , 796, 560 
Epstein, S , 93, 205; 620, 442, 444, 
631, 632, 636; 696, 240, 241, 
246, 247 

Ericson, G , 287, 570-572 
Ericsson, N , 287, 570-572 
Esau, A , 406 

Esser, H., 279, 278, 279; 608, 574; 
696, 265; 697, 596 

Evans, U R , 176, 533, 540-543, 545, 
547-551 

Everett, F L , 519 
Ewing, S P , 267, 538, 545 

F 

Fairbairn, W , 379 
Fairchild, C. 0 , 66, 578 
Faulhaber, R., 609, 381, 408 
Fenstermacher, J. D , 449, 41, 56, 60, 
62, 65 

Ferguson, R. F., 17 
Fettweis, F., 294, 626 
Fink, M., 366, 663; 663, 461 
Fmkeldey, W H , 698, 543 
Fisher, R. A , 17 
Flanders, H E., 167, 367 
Foley, F. B , 501; 492, 478, 510, 513, 
515; 610, 505 


Foote, P. D , 32, 578; 66, 578 
Foppl, O , 638; 699, 406 
Ford, G W , 302, 409 
Forsman, O , 611, 449 
Fox, E J., 177, 332 
France, R. D , 367, 416; 460, 382; 
672, 418, 423 

Francis, C B , 160, 7, 97, 201, 203, 
263 

Franklin Institute, 461, 617 
Freeman, J R , Jr , 117, 98; 210, 
418; 296, 416; 367, 416, 368, 
427, 476-478 

French, H J , 472, 510; 67, 427, 515; 
84, 208, 209, 211, 99, 431, 432; 
163, 427, 508, 515; 211, 658, 
212, 427, 515; 462, 427, 515, 
612, 390, 391, 401, 417, 700, 
190, 195, 196, 200, 201, 223- 
225, 227, 619 

Friend, J A N , 19, 533, 545, 547; 
38, 551 

Fry, L H , 231, 232 
Fuchsel, M , 369, 663 

G 

Gale, R C , 118, 555 
Galibourg, J , 613, 469 
Gardner, H A , 16, 533 
Garre, B , 621, 402, 403 
Gerszonowicz, S , 686, 626-628 
Gezelius, R A , 441, 28; 694, 28, 30, 
37 

Gier, J R , 690, 503 
Gtessereij 364, 334 
Giesseret Zeitungy 286, 334 
Gilchrist, J , 616, 461 
Gill, E T , 701, 388, 392, 393, 396, 
411-413; 797, 392-394 
Gillett, H W , 119, 416; 164, 399, 
419, 296, 423; 370, 383; 463, 
648; 622, 392; 614, 505; 702. 
622; 798, 41 

Giohtti, F , 68, 55-58, 61-64, 70. 71 
Girardet, F , 322; 297, 321 
Giraud, R , 264, 132 
Godfrey, H. J., 634, 564, 567 



NAME INDEX 


Goodacre, R , 701, 383, 392, 393, 
396, 411-413; 797, 392-394 
Gough, H J , 178, 379, 384, 395, 400, 
409, 416-418; 371, 461; 628, 
421-423, 638; 624, 424; 626, 
419; 616, 382, 420; 799, 424 
Gould, A J , 703, 422 
Gowland, W , 8, 84, 85, 177, 178 
Graham, H W , 704, 656 
Gran J on, R , 616, 668 
Grathoff, E , 621, 402, 403 
Greaves, R H , 120, 156-159; 166, 
443, 461; 179, 615, 616; 372, 
629 

Greene, O V, 266, 231, 232; 633, 
634, 635, 637 

Gregg, A W , 617, 24, 60, 62, 64, 65 
Gregg, J L , 293, 475, 706, 541, 553 
Gregowsky, I M , 22, 427 
Greiner, E S , 618, 6, 7, 256, 259, 
300, 340, 352, 594, 665 
Greis, V , 696, 265 
Greuhch, W , 373, 121, 122, 135 
Griffis, R O , 711, 475, 476 
Griffiths, R , 706, 558 
Grodsky, V A , 468, 538, 545 
Grotts, F , 121, 57, 58, 68, 72; 619, 67 
Grove, H A , 621, 617 
Grun, P , 707, 430 
Gruschka, G , 708, 456-459 
Guillet, L , 300; 14, 472, 474, 86, 432, 
461 

Gumhch, E , 23, 594, 596-599, 604- 
607; 47, 569, 589, 591, 597-599 
Gummert, H , 738, 232, 234-236 
Gunther, K , 298, 405 

H 

Hadfield, R A , 11, 432, 458; 20, 
594, 596; 38, 551; 86, 545; 166, 
542; 600, 458 

Haigh, B P , 299, 423; 300, 400 
Hall, J H., 67, 57, 58, 61-64, 70, 
71; 266, 23 
Hall, R , 620, 366 
Hamilton, W. C', 23, 42; 626, 21 
Hammel, H., 40, 99, 100 


73f 

Hanemann, H,, 26, 184, 185, 193, 19^ 
Hankins, G A , 267, 384; 301, 621 
302, 409; 464, 409; 627, 409 
Harder, O E , 466, 414; 621, 617 
Harper, J F , 87, 338, 339; 122, 24 
26, 30, 32, 43, 46-48; 129, 24, 32 
43, 48, 232, 233 
Harrison, W N , 386, 329 
Hartwell, A , Jr , 426, 336, 337, 340 
341 

Harvey, W. E , 374, 423; 628, 423 
Hase, R , 376, 579 
Hatfield, W H , 68, 75, 77; 268, 254 
348, 349; 303, 397; 376, 501 
709, 32, 54-56, 60, 63, 64 
Hatton, D , 710, 583 
Hayes, A , 167, 367; 168, 367; 711 
475, 476 

Hedges, E S , 629, 556 
Heidenhain, W , 116, 119, 120, 128 
131, 132, 134 
Heimke, H W , 712, 461 
Hemdlhofer, K , 713, 445, 458, 714 
557, 558 

Heinrich, F H , 630, 27, 43, 44 
Heller, A , 304, 618 
Heller, P A, 631, 335; 716, 290 
325-328, 344 

Hempel, M , 800, 641, 642, 645 
Hengstenberg, T F , 622, 399, 414 
443 

Henry, P , 767, 503 
Hensel, F R , 622, 399, 414, 443 
Herold, W , 716, 427 
Herty, C H , Jr , 642, 629; 717 
462-467, 493, 631; 801, 462, 46( 
Herzig, A J , 524 
Herzog, H , 766, 502, 503 
Hessenmuller, J H , 377, 618 
Heuvers, A , 306, 37 
Heydekampf, G S von, 306, 405 
466, 638-640, 643, 645 
Heyn, E , 169, 651 
Highnter, H. W., 632, 371 
Hill, E E , 208, 569 
Hippensteel, C. L., 718, 543 ^ 
Hobbs, R B , 686, 546 
Hocker, C. D., 719, 535, 543 



736 


THE ALLOYS OF IRON AND CARBON 


Hodgman, C. D , 802, 536 
Hofammann, K E , 63, 477 
Hogan, M. A , 689, 383, 392 
Roger, W , 667, 502 
Holdt, H , 417, 57, 58 
Holtzhaussen, P , 219, 300-304, 343 
Honda, K , 44, 579; 180, 564; 213, 30 
Honegger, E , 422; 633, 440 
Hopkins, R K , 720, 461 
Hopkmson, B , 20, 594, 596 
Houdremont, E , 307, 388, 395, 396 
Houseman, M R , 626, 441, 442, 567 
Houston, D M , 291, 317 
Howe, H M , 3; 2, 496; 39, 545 
Hoyt, S L , 70, 616, 123, 621 
Hudson, J C , 803, 155, 162 
Hughes, T P , 721, 206 
Hurst, J E , 62, 334; 181, 332; 308, 
254; 378, 332; 467, 332; 722, 297 
Hyde, J H , 80, 400 

I 

Inghs, N P, 226, 403, 418; 433, 
503, 50^512, 519; 468, 538, 
634, 423 

Inokuty, T , 269, 472, 473, 478 
Institution of Automobile Engineers, 

723, 277 

International Association for Test- 
ing Materials, 3, 4 
Iron AgCf 678, 476 
Iron and Steel Institute, 469, 540, 
543, 547; 623, 37 
Irresberger, C , 182, 322 
Isemer, H , 460, 415 
Isenburger, H R , 804, 28 
Ishigaki, T , 183, 570 
Itihara, M , 636, 635 
Ito, K , 100, 430, 432 

J 

Jacobus, D S , 379, 516 
Jasper, T M , 516, 568; 124, 566, 
567; 132, 392, 418; 160, 447 
Jeffries, Z , 126, 155, 565 
Jenkm, C F , 309, 383 


Johnson, H H , 198, 367 
Johnson, J B , 619; 310, 416; 624, 
432, 450 

Johnson, L W , 146, 398 
Johnson, W G , 84, 208, 209, 211 
Johnston, J , 106; 724, 537 
Jommy, W E , 461, 561; 477, 559 
Jones, H A , 214, 577, 578 
Jones, J A, 71, 534; 166, 443, 
461; 179, 615, 616 
Jordan, L , 458; 462, 658; 760, 663 
Judfeon, H H , 636, 263 
Jungbluth, H , 716, 290, 325-328, 
344 

Junger, A , 463, 448 
K 

Kahlbaum, W , 462, 427, 515 
Kallen, H , 464, 228-231 
Kanter, J J, 509, 511, 260, 427, 
509, 510, 512, 515, 516, 380, 
427, 446, 447, 451, 452, 504 
Kaufmann, E , 466, 405, 448, 487 
Kawai, T , 626, 473 
Keep, W J , 6, 254 
Keil, O von, 726, 319, 320 
Kelly, L J , 374 

Kenyon, R L , 261, 184, 193, 438; 
726, 475 

Keulegan, G H , 626, 441, 442, 567 
Kikuta, T , 88, 279; 184, 367 ; 637, 
375 

Kimber, H P , 186, 334 
Kmsk^, F , 627, 164 
Kmzel, A B, 513, 514; 607, 461; 
806, 670-672 

Klingenstem, T , 382, 277; 466, 278 
Knackstedt, W , 383, 281, 282, 405 
Knipp, E , 727, 482 
Knoch, M , 769, 450-455, 492 
Koch, A , 628, 302, 304-310 
Kockritz, H von, 639, 153, 156, 157 
Kommers, J B , 403, 407, 418; 
76, 385, 386, 391, 392, 397; 
224, 379, 384, 414, 416-418; 
311, 403; 312, 400; 384, 395 
418; 638, 405 



NAME INDEX 


737 


Koppel, 1 , 427, 588, 589, 601, 602; 
676, 533 

Korber, F , 72, 57, 58; 89, 164; 126, 
443, 461; 161, 61-64; 162, 
630-636; 262, 55-58, 61, 62, 
70, 71; 263, 33-37; 728, 524 
Korschan, H , 636, 217-222, 232, 234 
Kortum, H , 406 

Koster, W , 313, 603, 604; 639, 153, 
156, 157; 729, 659-661 
Kottgen, E., 386, 320, 321, 334 
Kramer, G , 488, 461 
Krekeler, K , 422, 655; 423, 656, 657 
Krohnke, 0., 314, 533 
Krouse, G N , 730, 383, 384 
Krynitsky, A I , 386, 329; 486, 
266, 267; 629, 265 
Kiihle, A , 316, 473, 475 
Kuhnel, R , 26, 184, 185, 193, 194 
Kuntze, W , 264, 624; 640, 621; 641, 
624 

Kurth, A , 16, 430, 432 
L 

Lake, E F , 731, 226-228 
Lake, G F , 468, 538; 634, 423 
Lambert, B , 17, 548; 24, 548 
Langebeck, H H , 806, 263 
Langenberg, F. C , 69, 624, 73, 
40, 84, 85, 177, 178, 187-189; 
74, 40, 63, 64, 70, 71, 84, 85,, 
177, 178, 187-189; 101, 461; 
102,461 

Langmuir, 1 , 214, 577, 578 
Larsen, B M , 714, 557, 558 
Ldszl6, F , 266, 616 
Lattr6, G de, 216, 533 
Lauber, L , 40, 99, 100 
Lauenstem, C F , 371 
Laurson, P. G , 467, 564 
Law, E F , 48, 228, 229 
Lea, F C , 29, 440; 90, 440; 103, 
417; 316, 423, 424 
Lee, P. F , 387, 217 
Legat, A , 726, 319, 320 
Legge, E. E,, 113, 114, 120 
Lehmann, C. D., 809, 383 


Lehmann, K., 266, 334 
Lehmann, O H , 186, 277 
Leitner, F , 630, 669 
Lemome, R. P., 732, 316, 317, 319, 
320 

Lequis, W , 631, 461 
Lessens, J. M, 127, 75, 76; 216, 
390; 733, 297 
Lester, H H , 128, 28 
Lightner, M W , 642, 629 
Lillieqvist, G A , 671, 30, 42, 486 
Lmdeberg, A , 403, 142, 144-146 
Lofquist, H , 206, 279 
Logan, K H , 267, 538, 545, 317, 
538, 545; 468, 538, 545, 632, 
538, 545; 734, 538, 545 
Lorenz, A W , 42; 268, 24, 30, 32; 

643, 23, 24, 30, 43-47 
Lorenz, F A , Jr , 644, 37 
Long, C H , 261; 166, 371; 646, 52- 
54, 57, 60, 68; 736, 371, 374 
Lucas, F F , 469, 205 
Ludewig, J W , 736, 441 
Ludwik, P , 187, 427 
Luerssen, G V , 633, 634, 635, 637 
Lyon, S W , 226, 403, 487, 488; 226, 
403, 418 

Lyse, 1 , 634, 564, 567 
M 

Maass, E , 314, 533 
Me Adam, D J , Jr , 381, 383, 384, 
387, 389, 395, 397, 421, 422; 
60, 384; 104, 395, 399, 417, 419; 
131, 384; 189, 421; 220, 421; 
221, 421; 222, 421; 269, 421; 
270, 421; 322, 421; 323, 421; 
324, 421, 423; 388, 421; 889, 
421; 390, 421; 472, 379, 381, 417, 
421, 538; 473, 421; 648, 421; 
739, 383, 409, 419, 421 
McBnde, D L , 717, 462-467, 493, 
631 

McCorkle, I. B., 344, 422 
McCrae, J V , 891, 30, 42; ^92, 30, 
42, 58, 59 

McIntosh, F. F., 164, 397 



738 


THE ALLOYS OF IRON AND CARBON 


Mack, E. L., 119, 416; 164, 399, 419 
Mackay, G M J., 214, 577, 578 
McKay, R J , 822, 533 
MacKenzie, J T., 265, 324, 328; 
217, 330, 331; 470, 291; 737, 
291, 293, 294 
Mackie, I C , 478 
McMullan, O W, 271, 230, 231; 

637, 653; 808, 414 
McNamara, C. J , 166, 371 
MacPherran, R S, 317; 87, 338, 
339; 129, 24, 32, 43, 48, 232, 233; 
318, 326; 319, 318; 646, 318 
McQuaid, H W , 239 
MacQuigg, C E , 508; 471, 556 
McVetty, P. G , 740, 504 
McWilham, A , 49, 87, 90, 91 
Mahhe, C C, 102-104, 108, 135- 
138, 166, 649, 650 

Mailander, R , 307, 388, 395, 396, 
636, 408, 409, 421, 422 
Mam, F L , 647, 332 
Malleable Iron Research Institute, 
365 

Mann, H C , 807, 624, 625 
Manufacturers' Standardization 
Society of the Valve and Fit- 
tings Industry, 355 
Marke, E , 320, 648 
Marsh, J S , 618, 6, 7, 256, 259, 300, 
340, 352, 594, 665 
Marshall, L H , 91, 374; 188, 374 
Mason, W , 46, 384 
Masumoto, H , 218, 579, 583 
Mathews, J A , 238, 419; 163, 604 
Maurer, E , 76, 573, 574; 130, 300, 
302, 343; 219, 300-304, 343; 
321, 596, 607, 608; 636, 217-222, 
232, 234; 738, 232, 234-236 
Mazurie, V , 196, 326; 336, 326 
Mears, R B , 638, 532; 809, 551, 552 
Mehl, R F , 469, 475; 649, 28 
Meisse, L A., 366, 374; 600, 548 
Meller, K., 660, 668 
Mellor, J. W., 661, 253; 741, 578, 621 
Melmoth, F. A., 272, 57, 58, 61, 62, 
70, 71 

Merica, P. D., 418, 553 


Merten, W. J , 273, 25, 26, 32, 40, 
43-45 

Merz, A , 639, 371, 373, 374 
Messkin, W. S , 326, 602 
Metals & Alloy Sy 639 
Meyer, E , 13, 621 
Meyer, F , 223, 310, 311 
Meyer, H , 166, 176, 179, 181-183 
Meyersberg, G , 662, 290, 328 
Middleton, T. R , 663, 22 
Mitchell, H A , 393, 24, 32, 60, 65- 
67 

Mitmsky, A , 640, 440 
Mitsche, R , 726, 319, 320 
Mochel, N L , 474, 573, 574 
Moffett, R W , 394, 461, 482 
Moisseiff, L S , 396, 496 
Moldenke, R, 61, 255; 190, 334; 
396, 254 

Monypenny, J H G , 476, 566 
Moore, H F , 390, 400, 404, 446, 447, 
567; 76, 385, 386, 391, 392, 397, 
132, 392, 418; 191, 61, 62, 402, 
224, 379, 384, 414, 416-418, 
226, 403, 487, 488; 226, 403, 418, 
326, 388; 327, 564, 397, 415, 
476, 401, 646; 641, 421; 642, 
416; 742, 384, 404 
Moore, R R , 383; 227, 618 
Morgan, E., 398, 310 
Muller, G , 608, 574 
Mumma, P F , 344, 422 
Murphy, A J , 371, 461 
Murphy, D. W., 477, 559;i643, 559; 
669, 559 

Mutchler, W., 743, 543 
N 

Naeser, G , 274, 582, 583 
National Bureau of Standards, 5, 
355, 458, 460, 461, 538, 540, 
545, 546; 644, 24; 789, 312 
Nead, J. H., 102-106, 108, 121, 
135-138, 166, 649, 650; 36, 
84, 85, 177, 178, 187-190, 
195, 200, 201, 204, 207, 208, 
211; 696, 240, 241, 246, 247 



NAME INDEX 


739 


Neuendorff, G G., 664, 469 
Neustatter, K., 646, 263 
Newell, H D., 810, 435 
Nipper, H , 744, 322 
Nissen, A. E., 67, 67, 58, 61-64, 70, 
71 

Norbury, A. L , 4, 321 ; 62, 588, 
589; 398, 310 

Norton, F H , 328, 427, 515 
O 

Oberg, T , 310, 416; 624, 432, 450 
Oberhoffer, P , 36, 55, 56, 68, 69, 73, 
74, 40, 99, 100; 167, 279, 287 
Oertel, W , 692, 661, 662 
Olcott, F B , 360, 541 
Oliver, D A , 16 

O’Neill, H, 133, 570; 192, 621; 

276, 621; 399, 621; 746, 621 
Opitz, H , 424, 656 
Orrok, G A , 228, 438 
Ostermann, G , 697, 596 

P 

Palmaer, K W , 478, 533 
Palmer, F R , 646, 653, 656 
Pardun, C , 134, 332, 333 
Parr, S W , 193, 534 
Partridge, E P , 746, 534 
Partridge, J H , 168, 608; 276, 283, 
590, 608-610 
Paschke, M , 747, 321 
Passano, R. F , 748, 543 
Pearce, J G., 322; 277, 290, 326; 
666, 324; 749, 323 

Pearson, J L , 433, 503, 508-512, 519 
P6rin, S , 647, 268 
Peterson, A A , 212, 427, 515; 462, 
427, 515 

Peterson, R E., 397; 400, 382 ; 666, 
408 

Petrenko, S N , 136, 430; 401, 618 
Pfannenschmidt, C , 760, 403 
Pfeil, L B , 278, 1^3-155, 162; 329, 
560; 479, 560 

Phillips, A , 92, 367; 811, 132-134 


Phragm^n, G , 114, 30 
Picco, J J., 742, 384, 404 
Pierce, R H. H , Jr , 679, 574 
Pilling, N B., 106, 557 
Piwowarsky, E., 167, 279, 287; 169, 
310, 363; 194, 310, 318; 279, 

278, 279; 330, 254, 265, 278; 

628, 302, 304-310; 648, 319; 

649, 483-486; 660, 326; 660, 

277; 761, 271, 406, 624; 762, 

320, 321; 812, 319 
Plock, C. H , 800, 641, 642, 645 
Poellein, H, 331, 125, 126, 135, 

139, 164, 165 
Pohl, F , 813, 272, 335 
Pohl, W M., 661, 639 
Pollitt, A A , 106, 533 
Pomp, A , 126, 443, 461; 161, 61-64; 
162, 630-636; 229, 125, 12^-130, 
135, 138; 230, 502, 511; 262, 
55-58, 61, 62, 70, 71; 331, 
125, 126, 135, 139, 164, 165; 

332, 648; 341, 648; 342, 648; 

402, 502; 403, 142, 144-146; 
413, 648; 667, 502; 662, 641, 
644; 763, 166, 764, 139-142, 
144; 766, 502, 503 
Portevm, A. M , 34, 593 
Price, B. K., 766, 332 
Priester, G C , 231, 274 
Pulhn, V. E, 280, 28; 404, 28; 

480, 28; 668, 28 
Pungel, W , 816, 86 

Q 

Quick, G. W , 478; 368, 427, 476- 
478; 669, 476-478; 660, 427, 476, 
477 

R 

Rabald, E., 481, 532, 533 
Ralston, O. C , 333, 570 
Ranque, G., 767, 503 
Rawdon, H S , 93, 205 ; 232, 479; 

281, 556; 334, 542 
Rees, S. H., 107, 156, 159, 160 



740 


THE ALLOYS OF IRON AND CARBON 


Reinhold, O., 41, 472, 474 
Remmers, W. E., 482, 279 
R4villon, L., 14, 472, 474 
Richart, F. E., 201, 331, 332 
Riddell, M., 50, 334 
Riggan, F. B., 356, 359 
Roberts, A. M., 507, 472, 481, 520- 
522 

Roberts- Austen, W. C., 8, 84, 85, 
177, 178 

Robm, F, 18, 278, 428, 429; 21, 
640-643 

Robinson, E L , 793, 505 
Roesch, K., 758, 362 
Roeser, W. F , 283, 579 
Roff, E L , 684, 189, 205, 206, 630 
Rohn, W , 405, 503 
Rolf, R. L., 759, 244-247 
Roll, F , 237, 279 
Ro§, M , 406, 97, 98 
Rosenberg, S. J», 483, 658-660; 760, 
663 

Rosenham, W., 561, 26 
Ross, E. F., 562, 280 
Roth, E L , 233, 337 
Rother, W. H., 136, 326; 195, 326; 
335, 326 

Rotscher, R., 563, 461 
Ruder, W. E , 761, 601 
Ruff, W , 320 
Rupp, E , 498 

Russell, H W , 484, 449, 456, 457 
S 

Sachs, G , 485, 648; 762, 648 
Saeger, C. M , Jr , 407, 269; 486, 266, 
267; 506, 269; 564, 269; 565, 
269, 270; 653, 268, 269, 310, 312 
St John, A , 336, 28 
Saito, D., 234, 370 
Sale, P. D , 763, 430, 489, 490 
Salmon, E H , 487, 566 
Sandberg, C P , 566, 476, 478 
Sandberg, N. P P , 566, 476, 478 
Sandberg, O F A , 566, 476, 478 
Sands, J W , 700, 190, 195, 196, 200, 
201, 223-225, 227, 619 


Sanford, E A , 599, 545 
Satoh, S , 337, 280 
Sauerwald, F., 235, 264, 572; 488, 
461 

Sauveur, A., 3, 438; 137, 434, 435; 
408, 433, 435-438, 473, 475; 
814, 372, 373 

Sawamura, H., 234, 370; 338, 370 
Sawin, N. N , 567, 618 
Schade, H A , 387, 217 
Schallbroch, H., 349, 617 
Schane, P., Jr., 764, 242, 243, 245- 
247 

Scharlibbe, L., 138, 55-58 
Scheil, E , 568, 280; 765, 623 
Schikorr, G., 339, 537; 340, 537 
Schitzkowski, G, 271; 96, 33, 269; 

263, 33-37 

Schmalz, H., 692, 661, 662 
Schmidt, B , 488, 461 
Schmidt, G , 766, 468, 469 
Schmidt, H , 247, 589, 590 
Schmidt, W , 75, 573, 574; 654, 572, 
574 

Schneidewmd, R , 579, 367-370; 
671, 363, 364 

Schoenmaker, P., 409, 461 
Schrader, H , 464, 228-231 
Schramm, G N , 767, 543 
Schroeder, W , 569, 559 
Schroeder, W C , 746, 534 
Schroeter, K, 282, 596; 321, 596, 
607, 608 

Schulte, W. C., 712, 461 
Schulz, E H , 539, 153, 156, 157; 
609, 381, 408; 631, 461; 768, 
461; 815, 86 

Schuster, H , 639, 371, 373, 374; 747, 
321 

Schuz, E , 410, 254, 347, 348, 362 
Schwartz, H A , 271, 363, 366, 370; 
63, 360, 361; 94, 254, 261, 

264, 347, 349, 351, 353, 365, 
366, 407, 547; 196, 334; 197, 
367; 198, 367; 411, 354; 489, 
346, 348-351 

Schwarz, M. von, 412, 333; 655, 
319; 656, 326 



NAME INDEX 


741 


Schwmnmg, W , 769, 450-455, 492 
Scorah, R L , 667, 389 
Scott, G C , 168, 367 
Scott, H , 199, 247; 490, 498; 770, 
635 

Sederholm, P , 174, 593 
Sekito, S , 494, 607 
Sergeson, R , 670, 461 
Sharpe, D , 236, 334 
Shelton, S M , 491, 413, 423; 668, 
580-582; 771, 580, 581; 816, 
414 

Shewart, W E , 16, 17 
Shore, A F , 617 

Siebel, E , 341, 648; 342, 648; 413, 
648 

Simidu, T , 44, 579 
Snnonds, H R , 669, 334 
Sims, C E , 671, 30, 42, 486; 772, 31 
Sipp, K , 237, 279; 366, 279 
Sirovich, G , 773, 281 
Sisco, F T , 104, 115-118, 151 
Sjovall, H , 414, 605, 606 
Smalley, O , 343, 316 
Smith, C S , 736, 371, 374 
Smith, R H, 139, 185, 186; 170, 
185 

Society of Automotive Engineers, 
24, 25, 216; 817, 190-192, 

199-201, 223-225 

Sohnchen, E, 649, 483-486; 660, 
326; 660, 277; 774, 610, 611; 
776, 283, 583 
Solakian, H N , 296, 416 
Sommer, F , 661, 669 
Sopwith, D G , 624, 424; 626, 

419; 616, 382, 420; 799, 424 
Spalding, S C , 140, 618 
Speller, F N , 541; 200, 533, 543, 
547, 549; 344, 422; 776, 532 
Spencer, W H , 267, 268 
Spooner, A P , 619, 626, 627; 

492, 478, 510, 513, 515 
Spooner, T , 238, 601, 604, 605, 607 
Spring, L W, 22, 427; 260, 427, 
509, 510, 512, 515, 516; 380, 
427, 446, 447, 451, 452, 504; 
416, 480, 481, 515, 521-523 


Stablem, F , 282, 596 
Stachrowski, E , 667, 618 
Stead, J E , 96 

Stem, H J , 122, 24, 26, 30, 32, 43, 
46-48 

Steinberg, S , 493, 248, 249 
Stine, W E , 777, 669, 670 
Storey, 0. W , 30, 367 
Stotz, R , 410, 254, 347, 348, 362 
Stoughton, B , 549; 618, 6, 7, 256, 
259, 300, 340, 352, 594, 665 
Straub, F G , 193, 534 
Strauss, J , 456; 346, 461 
Stumper, R , 346, 100, 101 
Subow, W , 493, 248, 249 
Suslov, B M , 662, 461 
Swanger, W H , 672, 418, 423, 
668, 580-582; 816, 414 
Swift, H W , 507 

Swmden, T, 239, 123-125, 149, 
160-162 

Swisher, T H , 614, 504 
Sykes, W , 102 

Sykes, W. P , 77, 461; 141, 456, 461 
T 

Talbot, A N , 201, 331, 332 
Tamaru, K , 494, 607 
Tammann, G , 673, 556; 778, 570, 
571 

Tanaka, T , 180, 564 
Tammura, H , 496, 310, 312-316, 
363 

Tapsell, H J , 240, 402, 482; 496, 
427, 438-440, 446, 447, 471, 
479, 506, 508-510, 513; 663, 511 
Taylerson, E S , 767, 543 
Taylor, K , 67, 57, 58, 61-04, 70, 71 
Taylor, R. H , 734, 538, 545 
Templin, R L , 13, 16; 664, 392 
Thielmann, H , 241, 265 
Thompson, J. G., 794, 3, 152, 166, 
183, 423, 533, 537, 542, 548, 549, 
552, 563, 573, 577, 579, 58^-589, 
593, 594, 596, 597, 600, 601, 611 



742 


THE ALLOYS OF IRON AND CARBON 


Thomsen, G P , 498 
Thomson, J C , 17, 548 
Thrasher, G M., 351 
Thum, A, 347, 294; 348, 291; 417, 
57, 58; 674, 399 
Thum, E E , 666, 565 
Thurston, R H , 1, 496 
Thyssen, H , 779, 280 
Tiemann, H P , 666, 262, 263 
Timoshenko, S , 397 
Tomlinson, G A , 242, 663 
Tonn, W , 729, 65^61, 766, 623 
Toilceda, E , 358; 818, 269 
Tour, S , 676, 561 
Trenkler, M , 726, 319, 320 
Tucker, W. A , 472; 99, 431, 432; 

163, 427, 508, 515 
Turner, T H , 202, 533 

U 

Udale, S M , 186, 334 
Ude, H , 348, 291 
Uhlemann, K , 769, 450-455, 492 
Uhlitzsch, H , 667, 301 
U S Army Air Corps, 190, 195, 200, 
201 

U S Government, 24 
Uno, K , 369, 578 

Upthegrove, C , 668, 559, 560; 669, 
559 

V 

Van Dusen, M. S , 497, 579 
Vanick, J S., 293, 295; 243, 653; 
418, 553 

Van Wert, L R , 498, 469, 473, 475 
Vanzetti, G , 773, 281 
Vath, A , 412, 333; 666, 326; 780, 332 
Ver, T., 397, 415 

Verem deutscher Ingemeure, 670, 
409, 410 

Vers6, G , 819, 440, 441 
Voigt, E , 676, 406 
Vollmer, L. W , 419, 424 


W 

Wagenmann, K , 27, 587, 588 
Wahlberg, A , 6, 84, 85, 175, 176, 207 
Walle, R , 677, 461 
Wallichs, A , 349, 617; 420, 274, 275; 
421, 652, 653, 656; 422, 655; 
423, 656, 657; 424, 656; 678, 
656, 657 

Wallin, H N , 360, 541 
Walls, F J , 426, 336, 337, 340, 341 
Walther, H , 781, 638 
Walthcr, H H , 782, 319 
Walther, L , 332, 648 
Waring, F M , 63, 477 
Warner, D M , 114 
Washburn, T S , 696, 240, 241, 246, 
247 

Watertown Arsenal, 72 
Watts, O P , 820, 537 
Webster, W R , 96, 87, 89, 90; 108, 
87, 89 

Wedemeyer, O , 203, 310 
Weichelt, W , 667, 301 
Welter, G , 78, 427, 433, 434, 440 
Wensel, H T , 283, 579 
Wesselmg, W, 166, 176, 179, 181- 
183 

Westcott, B. B , 419, 424 
Whetzel, J C , 98, 533 
White, A E , 171, 40; 290, 519; 679, 
367-370; 671, 363, 364; 783, 
501; 784, 501, 524; 786, 524; 
786, 524 

Whitney, H L , 499, 513 
Whittaker, H F , 98, 533 
Wiberg, O A , 680, 446, 447, 452 
Wickenden, T H, 293, 553; 243, 
653 

Wiecker, H , 787, 415 
Wilhelm, R. B , 142, 439 
Williams, C. E , 646, 52-54, 57, 60, 
68 

Williams, J. F , 622 
Williams, J H G , 262, 561 
Wilson, G D., 426, 567, 568 
Wilson, P. H., 177, 332 



NAME INDEX 


743 


Wilson, R L , 786, 624; 786, 524; 
788, 524 

Wimmer, A , 241, 265 
Wishart, H B , 642, 416 
Wohler, A , 379 
Wolf, F L , 366, 374; 600, 548 
Wood, T J, 672, 279; 673, 279, 
674, 279 

Wood, W P , 426, 567, 568; 477, 559 
Woodvme, J G R , 143, 414 
Worthington, R , 822, 533 
Wiist, F , 271; 96, 33, 269 
Wyman, L L , 696, 166, 167 


Y 

Yensen, T D , 37, 352; 144, 589, 
594-599; 601, 600; 681, 599, 600 
Yoemans, C D , 267, 538, 545 

Z 

Zander, W , 361, 415 

Zapp, B , 662, 641, 644 

Zeyen, K L , 248, 299, 319, 323, 324; 

286, 310-312; 602, 310 
Ziegler, N A , 601, 600 
Zimmerli, F P , 426, 567, 568 




SUBJECT INDEX 


A 

Abnormal steel, tensile properties, cold worked, 166 
Acid steel, cast, elevated-temperature properties, 483-485 
low-carbon, hardness, effect of temperature, 430 

impact resistance, effect of temperature, 442, 631, 636 
wire, properties, 115 
machinability, 657 

tensile properties, compared with basic steel, 91-93 
tensile strength, formulas for, 87-91 
Acoustic properties, carbon steels, effect of carbon, 641, 644 
effect of temperature, 639-643 
cast iron, 642 

relation to damping, 639, 641 
Aging, cast iron {see Cast iron, annealing) 
high-carbon steel, quenched, effect of, 247 
low-carbon steel, effect on magnetic properties, 604 
elevated-temperature properties, 475 
wire, effect on properties, 152 
relation to properties in blue-heat range, 475 
strain aging, 162 

Alloy cast iron, effect of alloys, 271 
Alloy steel, damping capacity, 406, 639 
definition of, 5 
manganese and sibcon in, 6 
Alloys in carbon steel, effect on corrosion, 552 
effect on electric resistivity, 588 

Alternate-bend tests, carbon steels, elevated temperature, 450-455 
Aluminum, m carbon steel, cast, effect on properties, 42, 59 
elevated-temperature properties, 483-485 
effect on corrosion, 553 

Amorphous-metal hypothesis, and plastic flow, 496 
Anneahng, carbon steels, effect on properties, 177 
cast iron, effect on combined carbon, 336-338 
effect on hardness, 336-339 
low-temperature stress relieving, 336 
object of, 336 

pipe, centrifugally cast, effect on properties, 333 
castings, recommended, 27 
cold-worked steel, effect on grain size, 166 
effect on properties, 179 
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Annealing, cold-worked steel, high-carbon strip, effect on properties, 164 
low-carbon strip, effect on properties, 137 
temperatures for, 164 

malleable iron {see Graphitizmg malleable cast iron) 
wire, temperatures for, 163 

Austenitic steels, endurance limit, effect of notches, 408 

B 

Basic Bessemer steel, tensile properties, 91-93 
Basic steel, cast, elevated-temperature properties, 483-485 
low-carbon, hardness, elevated temperature, 430 

impact resistance, effect of temperature, 442, 631, 636 
wire, properties, 115 
machinability, 657 

tensile properties, compared with acid steel, 91-93 
tensile strength, formulas for, 87-91 
Bessemer steel, tensile properties, compared with open-hearth, 91-93 
Blue brittleness, defined, 472 
Brittle materials, impact tests for, 632 
Brittleness, high-carbon steel, heat treated, 204 
malleable iron, galvanized, 374 
secondary brittleness, avoiding, 477 
causes, 479 

effect on tensile properties, 477 
relation to shatter cracks m rails, 476 
Bulk modulus, data on, 568 
Bursting tests, malleable-iron fittings, 355 

C 

Calcium silicide, adding to cast iron, 315 

Carbon in carbon steel, effect of, on acoustic properties, 641, 644 
on compressive properties, castings, 77 
on corrosion, 549, 551 
on creep, 510 
on electric resistivity, 588 
on endurance limit, 395 
on hardness, 83-85 
on impact resistance, 83-85 
low-temperature impact, 468 
on magnetic properties, 605-607 
on modulus of elasticity, 564 
on shrinkage, 271 
on tensile properties, 83-85, 87-91 
annealed, 177 
castings, 38 
cold-drawn tubes, 125 
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Carbon in carbon steel, effect of, on tensile properties, cold-drawn wire, 
120, 138 

cold-rolled strip, 123 
hot-rolled sections, 178 
hot-rolled strip, 104 
normalized, 173 
quenched, 187 

on thermal conductivity, 580-583 
on wear resistance, 658-661 
relation to hardness and strength, 615-620 
Carbon m cast iron, effect on properties, 301-309 
effect on structure, 314 

Carbon m malleable iron, relation to section size, 351 
Carbon steels, acoustic properties, 639-644 
bulk modulus, 568 

cold working, effect on pioperties, 114, 127 
composition, 8 

compressive properties, elevated temperature, 428-430 
corrosion {see Corrosion) 
corrosion fatigue, 410, 419 
protective coatings, 422 
creep {see Creep) 
damping capacity, 641-645 
decarburization, elevated temperatures, 560 
definition of, 3, 4 
density, 569 

distortion under load, 496 
electric resistivity, 587-591 
emissivity, 578 

endurance limit {see Endurance limit) 
forging, effect of temperature, 429 
free-cutting, machmability, 655 
gram-growth tendency, relation to propeitics, 240 
gram size, effect on properties, 240, 245 
hardness, effect of carbon, 83-85 

relation to carbon content and strength, 615-620 
{See also High-carbon steel; Low-carbon steel; Medium-carbon steel) 
hot-worked, production by classes, 82 
hot working, effect on properties, 94 
impact resistance, effect of carbon, 83-85 

{See also High-carbon steel; Impact resistance; Low-carbon steel; 
Medium-carbon steel) 
importance of, 1 
machmability, 650 
magnetic properties, 593-607, 613 
manganese m, amount of, 6 
mechanical properties, accuracy of data, 11 
need for statistical analyses, 192 
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Carbon steels, mechanical properties, value of property charts, 190 
melting points, 572 
modulus of elasticity, 564 
elevated temperature, 438 ^ 

modulus of rigidity, 567 

oxidation at elevated temperature, blistering, 557 
composition of scale, 560 
effect of furnace atmosphere, 558 
protective coatings formed, 556 
rate of scaling, 556 
temper colors, 555 
Poisson's ratio, 566, 567 
production, by processes, 81 

retained austenite in, effect on magnetic properties, 607 
scaling losses, 557--560 

seamless tubes, properties, effect of carbon, 125 
shrinkage, effect of carbon, 271 
silicon in, amount of, 6 

stress-stram diagrams, elevated temperatures, 433 
stnp, properties, effect of carbon, 123 
structure, relation to damping, 641, 645 
tensile properties, accuracy of, 13-16 
application of statistical methods to, 16 
Bessemer versus open-hearth steel, 91-93 
best quenching treatment, 202 
below blue-heat range, 469 
cold-worked steel, effect of carbon, 120, 135 
ductility versus strength, 91-93 
effect of annealing, 177 
of carbon, 38, 83-85, 87-91 
of grain size, 240, 245 
of hot-working temperature, 98 
of manganese, 87-91 
of normalizing, 173 
of phosphorus, 87-91 
of quenching, 187 

of temperature, general trend, 428-438 
elevated-temperature, effect of carbon, 428-430 
effect of heat treatment, 469 
formulas for tensile strength, 87-91 
hot rolled, 178 

longitudinal versus transverse, 94 
low-temperature, effect of carbon, 456 
relation to hardness, 615-620 
statistical data, 86, 91-93 

(See also High-carbon steel; Low-carbon steel; Medium-carbon steel 
Tensile properties) 
thermal conductivity, 579-583 
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Carbon steels, thermal expansion, 573, 674 
thermoelectric data, 593 
vapor pressure, 577 
variables affecting properties, 7-11 
wear resistance (see Wear resistance) 
welding (see Welding) 
wire, varying carbon content, 120 

(See also High-carbon steel; Low-carbon steel; Medium-carbon steel) 
Carburized ingot iron, endurance limit, 414 
Cast carbon steel, centrifugally cast, properties, 72, 74 
creep, compared with wrought steel, 521 
definition of, 21 
electric resistivity, 611 
elevated-temperature properties, 472 
effect of deoxidation, 483-485 
endurance limit, 402 
heat treatment, 27, 32 
importance of, 20 
inclusions m, 30 

machinability, relation to tensile strength, 653-657 
recrystalhzation and gram size, 31 
solidification, 29 
gas evolution m, 30 
structure, effect of heat treatment, 29 
(See also Castings, carbon steel) 

Cast iron, acoustic properties, 642 
alloy, general effect of alloys, 271 
annealing, effect on properties, 336-339 
low-temperature, 336 
object of, 336 
applications for, 255 
cast m permanent molds, 334 
casting practice, 264 
castings, melting practice, 260, 263 
pig iron for, 262 
centrifugally cast pipe, 329-333 
chilled, factors affecting chill, 272 
general discussion, 272 
properties, 334 

combined carbon in, effect of superheating, 310, 313 
composition, 254 

dependence of properties on, 2^5 
effect of annealing, 336 
of casting skin, 328 
of superheating, 314 

limits of, gray, white, and mottled, 301, 314 
relation to structure, 258, 300 
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Cast iron, compressive properties, elevated temperature, 489 
relation to tensile strength, 295 
stress-strain curves, 297 
constituents in, properties, 260 
constitution, 256 
corrosion, general discussion, 547 
creep, 528 

critical temperatures, effect of silicon, 339 
damping capacity, 281, 406, 639 
definition of, 4 
drop tests, value, 297 
electric properties, 283, 590, 610 
endurance limits, 403 
effect of notches, 297, 405 
effect of understressmg, 418 
elevated temperature, 487 
relation to damping, 406 
fluidity, 265 

effect of composition, 268 
graphite m, effect of ladle additions, 315 
effect of superheating, 310, 313 
growth, 278, 336 

hardness, effect of composition, 302 
of cross-section, 302-309 
of quenching and tempering, 338 
of temperature, 430 
pipe, centrifugally cast, 333 
heat treatment, 338 

effect on modulus of elasticity, 295 
high-strength, effect of ladle additions, 315 
endurance hmit, 404 
explanation of superheating, 318 
modulus of elasticity, 293 
stress-strain curves, 292 
hot working, 280 
impact resistance, 297, 632 
ladle additions, effect, 315 
machinability, 274, 353 
magnetic properties, 607 
Maurer diagram, 300 
melting losses, 261 
modulus of elasticity, 291, 566 
relation to structure, 294 
modulus of rupture, determination, 289 
effect of carbon, 302-309 
of casting temperature, 323 
of size of section, 302-309, 324 
relation to tensile strength, 291 
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Cast iron, pearlitic, composition limits, 301, 314 
phosphorus in, effect on properties, 310 
shrinkage, data on, 265 
effect of carbon, 271 
specific gravity, calculated, 258 
specific volume, 269 
stress-strain curves, 292-294, 296 
structural composition, 258 
structural constituents, 256 
structure, effect of annealing, 336 
of composition, 255 
of ladle additions, 315 
of melting and casting, 255 
of section size, 327 
explanation of superheating, 318 
gray, mottled, and white, 257 
properties and structure, 257, 301 
relation to composition, 255, 300, 314 
relation to modulus of elasticity, 294 
superheated, tensile strength, 310, 312, 315 
superheating, effect on structure, 310, 313, 314 
explanation of, 318 

tensile properties, effect of annealing, 336-339 
of casting skin, 328 
of casting temperature, 302-309, 323 
of composition and cross-section, 302-309 
of dispersion of graphite, 300 
of quenching and tempering, 338 
of silicon, 315 
of size of section, 324 
of superheating, 310, 312, 315 
elevated-temperature properties, 486 
relation to structure, 257, 301 
section-sensitivity factor, 325 
tensile strength, importance of, 291 
relation to compressive strength, 295 
relation to modulus of rupture, 291 
stress-strain curves, 292, 297 
thermal conductivity, 283, 570-583 
thermal expansion, 281, 336, 573 
transverse properties, effect of annealing, 336-339 
effect of superheating, 310, 312 
transverse strength, determination, 289 
effect of casting temperature, 302-309 
of composition and cross-section, 302-309 
of surface,. 290 
importance of, 289, 299 
stress-strain curves, 292 
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Cast iron, uses of cast iron, 256 
volume changes, in casting, 269 
m melting, 264, 572 
wear resistance, 276 
welding, 280 

white {see White cast iron) 

Castings, carbon steel, advantages, 20 
aluminum in, effect of, 42 
annealing, recommended, 27 
centrifugal, properties, 72, 74 
compressive properties, 77 
definition of, 21 

first production in United States, 21 
heat treatment, advantages, 23 
for gram refinement, 32 
recommended treatment, 27 
high-carbon, impact resistance, 6S-75 
tensile properties, 68-75 
impact resistance, effect of mass, 47 
low-carbon, aluminum killed, 59 
impact properties, 54—59 
tensile properties, 54-60, 65 
manufacture, 21 

medium-carbon, endurance limit, 65 
impact properties, 61-67 
tensile properties, 60, 67 
torsional properties, 75 
normalizing, 27 

phosphorus and sulphur m, effect of, 40, 41 
radiographic examination, 28 
recrystallization, 31 
regular grade, tensile properties, 60-67 
shrinkage, acid and basic steels, 36 
data on, 33-36 
effect of composition, 37 
kinds of shrinkage, 32 
shrinkage cavities, 30 
solidification, 29 
evolution of gas, 30 
specifications for, 24 
tensile properties, effect of carbon, 38 
of casting size, 43-49 
of manganese and sihcon, 39, 40 
method of determining, 26 
specifications, 24 
test specimens, 26 
uses of, 21 

{See also Cast carbon steel) 
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Castings, cast iron, casting practice, 264 
classification of pig iron for, 262 
melting practice, 263 
melting stock, 260 
(See also Cast iron) 
malleable iron, composition, 340-351 

embrittlement of galvanized castings, 374 
water-bursting tests of fittings, 355 
(See also Malleable iron) 

Cementite m cast iron, effect on hardness, 257 
Centrifugal castings, properties, 72, 74 
Centrifugally cast iron pipe, described, 329, 331 
effect of annealing, 333 
structure, 329-332 
Chromium, effect on corrosion, 553 

Coefficient of thermal expansion (see Thermal expansion) 
Cold-worked carbon steel, aging, cause, 162 
effect on properties, 152 
annealing, effect on properties, 163 
classes of, 110 

gram size, effect of annealing, 166 
hardness, effect of cold-working practice, 121 
high-carbon, tensile properties, 146 
low-carbon, critically strained, 166 

impact resistance, effect of temperature, 444 
recrystallization, 164 

medium-carbon, effect of temperature on properties, 432 
normal and abnormal, properties, 166 
seamless tubes, tensile properties, 125 
strip, effect of low-temperature heating, 160 
high-carbon, tensile properties, 164 
low-carbon, tensile properties, 136 
effect of annealing, 137 
effect of hot-rolling practice, 135 
of various carbon contents, 123 
tensile properties, effect of carbon, 120, 138 
effect of prior heat treatment, 138 
tensile tests, 112 

wire, high-carbon, properties, 146 
low-carbon, impact resistance, 15!5 

effect of low-temperature heating, 155 
medium-carbon, properties, 142, 146 
tensile properties, effect of aging, 152 
(See also Sheet; Strip; Tubes; Wire) 

Cold working, carbon steel, effect on corrosion, 537 
on density, 570 
on endurance limit, 390, 391 
on magnetic properties, 602 
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Cold working, carbon steel, variation in, effect on properties, 127 
wire, effect on endurance limit, 412 
effect on tensile properties, 114 
patented wire, effect on properties, 139 
defimtion and descnption, 81 
effect on properties, general discussion, 111 
low-carbon steel, effect on wear, 661 
embrittlement, 444 
wire, effect on properties, 116 
operation of, described, 111 
reduction of area, defined, 112 
strip, effect on tensile properties, 123 
Compressibility, bulk modulus, 568 

Compressive properties, carbon steels, effect of temperature, 428^-430 
elevated temperature, effect of carbon, 428-430 
cast iron, elevated temperature, 489 
castings, effect of carbon, 77 
malleable iron, 362 

Compressive strength, cast iron, relation to tensile strength, 295 
stress-strain diagrams, 297 
Copper in steel, effect on corrosion, 645, 550—553 
Corrosion, acid -immersion tests, value of, 540, 541 
atmospheric, measurement of, 542 
carbon steel, effect of alloys, 552 
of carbon, 549, 551 
of copper, 545, 550-553 
of inclusions, 550, 551 
of oxygen, 549, 550 
of silicon, 651, 553 
of structure, 549 

of sulphur, phosphorus, and manganese, 549, 551 
general discussion, 545 
cast iron, general discussion, 547 
caustic embrittlement m boilers, 534 
corroding media, 533 
economic loss from corrosion, 532 
effect, of cold working, 537 
on endurance limit, 538 
of hydrogen-ion concentration, 534 
electrochemical potential, 535 ^ 

electrochemical series of the metals, 536 

elevated temperatures {see Oxidation at elevated temperature) 
localized attack, effect of scale, 538 
oxygen concentration cells, 538 
pitting, 537 

malleable iron, general discussion, 547 
measuring corrosion, accelerated tests, 639, 544 
long-time tests, 541 
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Corrosion, measuring corrosion, simulated-service tests, 542 
oxide protective coatings, 656 
porosity of coatings, 535 
probability, in carbon steel, 651 
effect of composition, 552 
protective coatings, effectiveness of, 635 
pure iron, general discussion, 548 
relation to wear resistance, 663 
soil-corropion tests, 545, 546 
types of, 533 

velocity of attack, factors affecting, 551 
water-immersion tests, 543 
wrought iron, general discussion, 545, 547, 651 
Corrosion fatigue, brief discussion, 538 
carbon steel, 410, 419 
Crackless plasticity, definition, 646 
Cracks in high-carbon steel, effect on properties, 205 
heat treated, 204 

Creep, carbon steels, compared with time-yield values, 501 
deterioration in service, 520 
effect of carbon, 510 
of deoxidation, 512-516 
of gram size, 523 
of structure, 512, 520 
of temperature, 509 

high-carbon steel wire, room temperature, 496 
hot-worked versus cast, 521 
relation to strain-hardening temperature, 608 
room-temperature flow, 496 
summary of data, 515-519 
torsional creep, 519 
cast iron, 528 
cast steel, 521 

importance of creep data, 505 
ingot iron, 512 

methods of expressmg creep, 498-500 
relation to proportional limit, 519 
r61e of equicohesive temperature, 496 
time necessary to determine rate, 501-507 
variable rates of, 500 
Creep limit, discussed, 498 
Creep testing, accelerated tests, 501-504 
problems in, 500-507 

Critical temperatures, cast iron, effect of silicon, 339 
Cross-section, effect of (see Mass) 

Cupping tests (see Deep-drawing properties) 
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D 


Damage line, in endurance tests, 417 
Damping capacity, alloy steels, 406, 639 
carbon steels, acoustic properties, 639-644 
effect of gram size, 643 
high-carbon steel, 639 
low-carbon steel, 639 
carburized, 406 

relation to structure, 641-643, 645 
cast iron, 281, 406, 639 
acoustic properties, 642 
relation to endurance, 406 
definition of, 638 
importance of, 638 
relation to crackless plasticity, 646 
to endurance limit, 406, 643, 645 
to modulus of elasticity, 643 
to notched-bar impact, 645 
Dccarbunzation, elevated temperatures, 560 
malleable iron, effect on properties, 349-361 
Deep-drawing properties, steel, requirements for, 646 
strip, best mill practice, 138 
Olsen tests, 649 
tests for, 647-649 

Density, carbon steels, data on, 569 
effect of alloys, 570 

effect of mechamcal work and heat treatment, 570 
elevated temperatures, 570 
in molten condition, 570 
Deoxidation, effect on creep, 512-515 

on elevated-temperature properties, 483-485 
on low-temperature impact, 462-468 
{See also Gram size) 


E 

Electric properties, carbon steels, 587 

resistivity, effect of composition and heat treatment, 588, 591 
of structure, 589 
of temperature, 587 
cast iron, 283, 590, 610 
high-punty iron, 586 
malleable cast iron, 353, 590 
resistivity, defined, 586 
temperature coefficient, equation, 586 
Electrochemical senes of the metals, 536 
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Electrolytic iron, hardness, deformed in blue-heat range, 473 
elevated temperature, 432, 435 
tensile properties, elevated temperature, 435 
Elevated-temperature properties, carbon steels, below blue heat, 469 
in blue-heat range, 472 
cast versus wrought, 474, 479 
density, 570 

effect of age hardening, 475 
of carbon, 428-430 
of gram size, 450, 630 
of prior heat treatment, 469 
of steel-making process, 483-485 
of structure, 470 
elastic moduli, 438-442 
endurance limit, 446-455 
general trend of properties, 428-438 
impact resistance, 442 
resistivity, 587 
rolled steel, 630 
cast iron, 430, 486 
creep and proportional limit, 519 
ingot iron, impact resistance, 631, 636 
long-time properties {see Creep) 
low-carbon steel, 509 

impact resistance, non-aging type, 631, 636 
medium-carbon steel, 450-455 
Elongation, comparison of values, 15 
formulas for gage length, 15 
Emissivity, iron and steel, 578 

Endurance limit, austenitic steels, effect of notches, 408 
carbon steel, as cast, 402 

corrosion and fatigue, 410, 419, 538 
protective coatings, 422 
directional differences, 398 
effect of amount of pearlite, 395 
of cold working, 390, 391 
of composition, 395 
of decarbunzation, 410 
of galvanizing, 413, 423 
of heat treatment, 390 
of nickel plating, 423 
of notches, 408 
of overstress, 415 
of phosphorus, 398 
of surface condition, 409 
of understress, 417 
elevated temperatures, 446-455 
high-carbon rod, patented, 411-414 
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Endurance limit, carbon steel, low-carbon steel, 398 
low temperatures, 449 
medium-carbon steel, castings, 65 
effect of gram size, 450-456 
wire, effect of decarbunzation, 411 
effect of, drafting, 412 
carburized steel, 414 
cast iron, 403 

effect of notches, 297, 406 
effect of understressing, 418 
elevated temperature, 487 
relation to damping capacity, 406 
corrosion fatigue, 410, 419, 538 
damage hne, 417 
definition of endurance limit, 385 
effect of notches and keyways, 408 
of overstressing, 415 
of understressing, 417 
fatigue damage, 415 
galvanized high-carbon wire, 413 
ingot iron, carburized, 414 
effect of understressing, 418 
malleable cast iron, 407, 418 
relation to damping capacity, 643, 645 
to other properties, 387 
to tensile strength, notched specimens, 409 
significance of, 399 
springs, effect of surface, 409 
vanation with heat treatment, 390 
wire, effect of surface^ 411-414 
Endurance ratio, defined, 386, 387 
Endurance tests, accelerated, 383 
plotting and mterpreting data, 385 
S-N diagrams, 385 
significance of, 399 
specimens for, 379 
torsional fatigue, 384 
types of loading, 380 
relative results, 382 

Equicohesive temperature, r61e in creep, 496 

F 


Fatigue {see Endurance) 

Ferrite, in cast iron, effect on hardness, 267 
tensile properties, effect of silicon, 362 
Fluidity of cast iron, 266 
determination of, 267 
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Fluidity of cast iron, effect of composition, 268 
white cast iron, test for, 269 

Forging carbon steels, effect on properties {see Hot working) 
effect of temperature on reduction, 429 
Forgings, heavy, low-carbon, properties, 217 
medium-carbon, properties, 231 
Free-cutting carbon steels, machmability, 655 

G 

Galvanizing, carbon steel, effect on properties, 160, 413, 423 
malleable iron, effect on properties, 374 
Gas evolution, in solidification of castings, 30 
Gram growth, tendency for, defined, 239 
relation to properties, 240 
Gram refinement, cast carbon steel, 31, 32 
Gram size of carbon steels, cold worked and annealed, 164 
effect on creep, 523 

on damping capacity, 643 
on impact resistance, 630 
at elevated temperature, 630 
at low temperature, 462-468 
on magnetic properties, 601 
on wear resistance, 663 
relation to properties, 240, 245 

elevated-temperature properties, 450-455 
Giaphitizmg malleable cast iron, 366 
effect of prequenchmg, 370 
effect of superheating, 363 
first stage, 366 
packing materials, 366 
second stage, 368 
short annealing cycles, 370 
effect on properties, 370-374 
Gray cast iron (see Cast iron) 

Growth of cast iron, discussion, 278 

effect of low-temperature annealing, 336 

H 

Hardness, carbon steels, cold drawn, effect of drafting, 121 
deformed m blue-heat range, 478 
effect of carbon, 83-85 
of quenching, 187 
of temperature, 430, 432 

high-carbon steel, effect of normalizing and annealing, 179 
mass effect m, 237 
quenched, effect of aging, 247 
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Hardness, carbon steels, low-carbon steel, heat treated, 183, 196 
medium-carbon steel, mass effect, 228 
relation to carbon content and tensile strength, 615-620 
to wear resistance, 659-662 
cast iron, chilled, 334 
effect of anneahng, 336-339 
of composition, 302 
of cross-section, 302-309 
of quenching and tempering, 338 
of superheating, 312 
of temperature, 430 

ingot iron, quenched and tempered, 193 
malleable iron, 362 
relation to endurance hmit, 387 
to machinabihty, 651 
to tensile strength, 615-620 
tests for, described, 615-623 
Meyer’s work, 621 

relation among hardness numbers, 615-623 
High-carbon steel, acoustic properties, 639-644 
castings, impact resistance, 68-75 
tensile properties, centrifugal castings, 72 
heat treated, 68-75 

cold-worked, normal and abnormal, tensile properties, 166 
creep, effect of structure, 512 
at room temperature, 496 
damping capacity, 639 
endurance hmit, cold-worked, 391 
effect of heat treatment, 390 
effect of temperature, 446-455 
forging temperatures, 429 
hardness, deformed in blue-heat range, 473 
effect of aging after quenching, 247 
effect of temperature, 430, 432 
mass effect, 237 
heat treatment, for tools, 204 

impact resistance, effect of normalizing and annealmg, 179 
effect of temperature, 428-430 
elevated temperatures, 472, 630 
low temperatures, 458-461 
relation of microscopic cracks to impact, 205 
rolled, 630 

effect of heat treatment, 630 
machinabihty, 353 
magnetic properties, 605-607 
modulus of rupture, 247 
nermanent mairnets. 604-607 
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High-carbon steel, quenched and tempered, brittleness of, 204 
cracks in, 204 

rod, patented, endurance limit, 411-414 
seamless tubes, tensile properties, 125 
strip, tensile properties, cold-rolled, 123 
effect of annealing, 160, 164 
effect of prior heat treatment, 149 
tensile properties, effect of annealing, 179 
of cold working, 127, 166 
of hot-rolling temperature, 99 
of normalizing, 179 
of quenching, 187 
of temperature, 430-438 
elevated temperature, 450-455 
in blue-heat range, 472 
in range of secondary brittleness, 477 
low temperature, 456-461 
quenched and tempered, 207 
effect of microscopic cracks, 205 
relation to impact resistance, 630 
tool steel, impact tests, 634 

torsional properties, elevated temperature, 433-438 
wire, endurance limit, effect of decarburizing, 411 
of drafting, 412 
of galvanizing, 413 
for springs, properties, 150 
stress-strain curves, 157 
tensile properties, cold drawn, 114, 120, 139 
effect of galvanizing, 413 
of prior heat treatment, 146 
of reheating, 159 
patented and cold drawn, 139 
Hot-worked carbon steel, production, 82 

Hot working, of carbon steel, effect, of amount on properties, 104 
on creep, 521 
on density, 570 

of direction on properties, 94, 97, 103, 132, 398 
on endurance, 398 
on structure, 94 

of temperature on properties, 98, 101 
of cast iron, 280 


I 

Impact, repeated {see Repeated impact) 

Impact resistance, carbon steel, effect of annealing, 177, 179 
of composition, 83-85, 468 
of direction of hot working, 94 
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Impact resistance, carbon steel, effect of gram size, 245, 462-468 
of mass, 217, 222 
of normalizing, 179 
of quenching, 183, 187 
of temperature, 428-430, 442, 444 
of temperature of hot working, 98 
of welding, 670 

elevated temperature, 442, 472, 630 
gram-size effects, 240, 245, 462, 630 
heavy sections, 217, 232-236 
low temperature, 458-461 
non-aging, effect of temperature, 631, 636 
quenched and tempered, 196, 630 
effect of microscopic cracks, 205 
wire, cold drawn and aged, 152 
cast iron, discussion, 297, 632 
castings, steel, effect of mass, 47 
effect of phosphorus, 40 
high-carbon steel, 68-75 
low-carbon steel, 54-59 
medium-carbon steel, 61-67 
ingot iron, effect of temperature, 631, 636 
cold worked, 444 
oxygen-contammg, 443 
quenched and tempered, 193 
malleable iron, 374 
notch brittleness and strength, 623 
notched-bar tests, accuracy, 625, 629 
description of, 625-629 
effect of notch, 625-629 
effect of specimen size, 626 
relation to damping, 645 
value, 626, 629 
repeated impact, 635 
seamless tubes, cold-drawn, 125 
tensile impact, 624 
tests of brittle materials, 632 
tests of tool steel, 634 
Inclusions in carbon steel, distribution, 30 
effect on corrosion, 550, 551 
effect on directional properties, 94 
Ingot iron, creep, 512 
electric resistivity, 611 
endurance limit, effect of carburizing, 414 
of cold working, 395 
of understressing, 418 
hardness, quenched and tempered, 193 
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Ingot iron, impact resistance, effect of temperature, 442, 631, 636 
quenched and tempered, 193 
oxygen in, effect of, 443 
tensile properties, m blue-heat range, 472 
effect of quenching, 183 
low temperature, 456 
quenched and tempered, 193 
thermal conductivity, 579-683 
torsional properties, elevated temperatures, 437, 438 
wear resistance, effect of cold work, 661 
Iron-carbon alloys, commercial, classes, 2 
variables affecting properties, 7-11 

{See also Carbon steel; High-carbon steel; Low-carbon steel; Medium- 
carbon steel) 

corrosion of {see Corrosion) 
density, 568 
elastic constants, 564 
electric properties, 587 
emissivity, 578 

high-punty, tensile properties, 173, 177 
magnetic properties, 593-607 
shrinkage, effect of carbon, 271 
thermal conductivity, 579-583 
theimal expansion, 573 
thermoelectric properties, 593 
vapor pressure, 677 
volume changes in melting, 264 
Iron castings {see Cast iron) 

Iron, commercially pure, defined, 3 
electric resistivity, 586, 587 
electrolytic, hardness, deformed at Diue heat, 473 
elevated temperature, 432, 435 
tensile properties, elevated temperatures, 435 
emissivity, 578 

magnetic properties, effect of carbon, 593-600 

effect of sulphur, phosphorus, and manganese, 599 
oxidation, elevated temperature, 567, 558 
thermal conductivity, 579-582 
vapor pressure, 577 
volume changes in melting, 572 
Izett steel, impact resistance, effect of temperature, 442 

L 

Low-carbon steel, acid and basic, hardness at elevated temperatures, ^0 
impact resistance, effect of temperature, 442 
acoustic properties, 639-641 
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Low-carbon steel, cast, creep, compared with hot-worked steel, 521 
tensile properties, elevated temperature, 474, 479, 483-485 
castings, tensile and impact properties, 54-59 
tensile properties, aluminum killed, 59 
commercial castings, 60, 65 
effect of heat treatment, 54-59 
cold-worked, embrittlement of, 444 

impact resistance, effect of temperature, 444 
recrystallization, 164 
{See also Low-carbon steel; Strip, Wire) 
creep, 509, 512-519 
damping capacity, 639 
carburized, 406 

endurance limit, effect of cold working, 391, 414 
of hot working, 398 
of temperature, 446-455 
hardness, deformed m blue-heat range, 473 
effect of temperature, 430, 432 
quenched and tempered, 196 
impact resistance, effect of grain size, 240, 630 
of mass, 217 
of quenching, 183 

of temperature, 428-430, 442, 472, 630 
of welding, 670 
heavy sections, 217 

low-temperature, effect of grain size, 462-468 
quenched and tempered, 196, 462-468, 630 
rolled, 630 
machinabihty, 353 
magnetic properties, 604 
non-aging, properties, 631, 636 
seamless tubes, properties, 125 
sheet, ductihty tests, 640 
stnp, annealing temperatures, 164 
critical straining m cold rolling, 166 
deep drawing, best mill practice, 138 
tensile properties as cold rolled, 123, 132, 133, 136, 166 
effect of anneahng, 133, 137, 160, 166 
effect of hot-rolling practice, 101, 103, 104, 132, 135 
longitudinal and transverse, 103 
tensile properties, effect of grain size, 240, 245 
of hot working, 97, 99, 104 
of mass, 217 
of quenching, 183, 187 
of temperature, 430^38 
of variations in cold working, 127 
of welding, 670 
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Low-carbon steel, tensile properties, elevated temperatures, 450-456, 479, 
509 

in blue-heat range, 472 
cast versus wrought, 474, 479, 483 
effect of age hardening, 475 
heavy sections, 217 
low temperature, 456-458 
quenched, 183, 187 
and tempered, 193, 196 
relation to impact, 630 

torsional properties, elevated temperature, 433-438 
wear' resistance, effect of cold work, 661 
welding, effect on properties, 670 
wire, annealing temperatures, 163 
commercial wire, properties, 116-118 
modulus of elasticity, effect of aging, 153 
tensile properties, aged, 152 
effect of cold working, 114, 120 
of galvanizing, 160 
of low-temperature heating, 155 

M 

Machmability, acid and basic steels, 657 
carbon steel, compared with other materials, 353 
relation to tensile strength, 653-657 
cast iron, 274, 353 
criteria of, 651 

free-cutting carbon steels, 655 
malleable cast iron, 353 
relation to hardness, 651 
variables affecting, 652 
Magnetic properties, carbon steels, 593-604 
effect of aging and carbon content, 604 
of cold work, 602 
of grain size, 601 
of retained austenite, 607 

mechano-, galvano-, and therrnomagnetic properties, 
quenched, effect of carbon, 605^07 
cast and malleable irons, 607 
high-carbon steel, for permanent magnets, 605-607 
iron, effect of carbon, 593-600 

effect of sulphur, phosphorus, and manganese, 599 
low-carbon steel, effect of aging, 604 
effect of heat treatment, 603 
Magnetostriction, carbon steeli^, 613 
Malleable cast iron, advantages, 346 
air-furnace malleable, properties, 368 
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Malleable cast iron, black-heart, compressive and torsional properties, 
graphitizmg, effect of prequenching, 370 
of silicon, 366-369 
of superheating, 363 
first stage of cycle, 367 
packing matenals, 366 
second stage, 368 
short anneahng cycles, 370 
hardness, 362 
impact resistance, 374 
modulus of elasticity, 362 
tensile properties, 355, 358 
effect of short-cycle annealing, 370-374 
of superheating, 363 
of surface decarburization, 359-361 
Glerman practice, 362 
recent improvements, 365 
carbon in, relation to section size, 351 
castings, composition of charge, 349-351 
melting losses, 261, 349 
production of, 347, 348 
corrosion, 547 

cupola malleable, properties, 355 

definition of, 4 

electric resistivity, 353, 590 

elongation, relation to tensile strength, 359 

endurance limit, 407, 418 

galvanized, embnttlement of, 374 

high-strength, composition and properties, 365 

machmabihty, 353 

magnetic properties, 607 

modulus of elasticity, 295, 362 

shrinkage, 352 

silicon in, relation to section size, 351 
specific gravity, 352 
specific heat, 352 
specifications for, 355, 365 
stress-strain curves, 348 

tensile properties, black-heart versus white-heart, 348 
effect of composition, 359 
of section size, 360 
elevated temperature, 487 
specifications, 355, 365 
tensile strength, relation to elongation, 359 
thermal conductivity, 352, 580 
thermal expansion, 352 
uses, 346 
welding, 355 
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Mailable cast iron, white-heart, 347 
Manganese, in carbon steel, effect on corrosion, 649, 651 
on resistivity, 588 
on tensile properties, 87-91 
in cast iron, effect on properties, 310 
in low-carbon steel, effect on properties, 196 
in steel castings, effect on properties, 39 
Mass, effect on carbon steel, importance, 216 
on cast iron, 324r-327 
on high-carbon steel, 237 
on low-carbon steel, 217 
on malleable iron, 360 
on medium-carbon steel, 222 
Mechanical properties, accuracy of data, 11 
application of statistical methods to, 16 

(See also Hardness; Impact resistance; Modulus; Tensile properties; 
Transverse strength) 

Medium-carbon steel, acoustic properties, 639-641 
cast, creep, compared with hot-worked material, 521 
endurance limit, 65 
impact resistance, 61-67 
tensile properties, 60-67 

at elevated temperature, 483-485 
torsional properties, 75 

cold-worked, elevated-temperature properties, 432 
creep, effect of structure, 520 

effect of time and temperature, 509, 515-519 
endurance limit, cold worked, 391, 414 
effect of heat treatment, 390 
effect of temperature, 446-455 
hardness, deformed at blue heat, 473 
effect of mass, 228 
effect of temperature, 430,^ 432 
impact resistance, effect of gram size, 240, 462, 630 
of mass, 222 

of temperature, 428-430, 472, 630 
heavy sections, 232-236 
low temperature, 458-461 

effect of heat treatment, 462-468 
rolled, and heat treated, 630 
strip, tensile properties, cold rolled, 123 
tensile properties, best heat treatnient, 202 
effect of cold working, 127 
of gram size, 240, 245 
of hot-working temperature, 99-101 
of mass, 222 
of quenching, 187 
of temperature, 430-438 
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Medium-oarbon steel, tensile properties, elevated-temperature properties, 
460-455, 479 
in blue-heat range, 472 
cast versus wrought, 479 
effect of gram size, 450-455 
heavy sections, 231 
at low temperature, 456—161 
quenched and tempered, 199 
relation to impact resistance, 630 
seamless tubes, 125 

torsional properties, effect of mass, 226 
at elevated temperature, 433-438 
wire, endurance limit, 411, 412 

tensile properties, cold worked, 114, 120 
effect of low-temperature heating, 160 
of patenting, 139, 142 
of pnor heat treatment, 146 
Modulus of elasticity, carbon steel, 564 
elevated temperature, 438 
low temperature, 458-461 
temperature coefficients, 441 
cast iron, 291, 293, 566 
relation to structure, 294 
low-carbon wire, aged, 153 
malleable cast iron, 295, 362 
relation to damping capacity, 643 
secant modulus, defined, 566 
white cast iron, 295 
Modulus of rigidity, carbon steels, 567 
at elevated temperature, 441 
Modulus of rupture, cast iron, determination of, 289 
effect of casting temperature, 323 
effect of composition and cross-section, 302-309, 324 
relation to tensile strength, 291 
(See also Transverse strength) 
high-carbon steel, 247 
malleable cast iron, torsional, 362 
Mottled cast iron, composition limits, 301, 314 
Music wire for springs, properties, 150 

N 

Nickel, in carbon steel, effect on corrosion, 553 
Nitrogen in carbon steel, effect on impact resistance, 468 
Normal steel, cold worked, properties, 166 
Normalizing, carbon steel, effect on properties, 173 



SUBJECT INDEX 


Normalizing, high-carbon steel, effect on properties, 179 
Notches, effect on endurance limit, 408 

O 

Oil-tempered spring wire, properties, 150 
Olsen ductility tests {see Deep-drawing properties 
Open-hearth steel {see Basic steel) 

Oxidation at elevated temperature, blistering, 55*3 
composition of scale, 560 
effect of furnace atmosphere, 558 
protective coatings formed, 556 
rate of scaling, 556 
temper colors, 555 

Oxygen, in carbon steel, effect on corrosion, 549, 550 
effect on low-temperature impact, 468 
m ingot iron, effect on impact resistance, 443 

P 

Patented rod, endurance limit, 411-414 
Patenting, high-carbon wire, effect on properties, 139, 146 
medium-carbon wire, effect on properties, 139, 142 
temperature range for, 144, 148 
Poarlite, effect on endurance limit, 396 
Pearlitic cast iron, composition limits, 301, 314 
effect of ladle additions, 315 

Permanent magnets, high-carbon steel, properties, 604-60' 
Phosphorus, in carbon steel, effect on corrosion, 549, 551 
on endurance hmit, 398 
on low-temperature impact resistance, 468 
on resistivity, 588 
on tensile properties, 87-91 
on thermal conductivity, 580 
m cast iron, effect on properties, 310 
in cast steel, effect, 40 

Pig iron, analyses and classification for castings, 262 
definition, 4 

Pipe, centrifugally cast, described, 329-333 
corrosion in soils, 545, 546 
Plastic flow and amorphous-metal hvpo thesis, 496 
Poisson’s ratio, carbon steels, 441, 566, 567 
Proportional limit, definition, 14 


Q 

Quenched carbon steels, effect of' tempering, charts, 190 
Quenched high-carbon steel, bnttleness, 204 
tensile properties, effect of tempering, 207 
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Quenched low-carbon steel, effect of tempering on properties, 193 
Quenched medium-carbon steel, effect of tempering on properties, 202 
Quenching, carbon steel, effect on endurance hmit, 390 
effect on tensile properties, 187 
cast iron, effect, 338 
high-carbon steel, effect of mass, 237 
low-carbon steel, effect on properties, 183 

R 

Radiographic examination, steel castings, 28 
Rails, shatter cracks, cause, 476 

relation to secondary brittleness, 476 
tensile properties, elevated temperatures, 477 
transverse fissures, and shatter cracks, 477 
Recrystallization, cast carbon steel, 31 
Reduction of area in cold working, defined, 112 
effect on properties, 114 
Repeated-impact tests, described, 635 
relation to endurance tests, 418 


S 

Scaling (see Oxidation at elevated temperature) 

Shear strength, malleable iron, 362 
strip steel, cold worked, 124 
Sheet, deep-drawing properties, 646-649 
(See also Strip) 

Shrinkage, carbon steel, effect of carbon, 271 
cast iron, 265 
effect of carbon, 271 
castings, carbon steel, 30, 32-37 
malleable iron, 352 

Silicon, in carbon steel, effect on corrosion, 551, 553 
on resistivity, 588 
on thermal conductivity, 580 
in cast iron, effect on critical temperatures, 339 
of ladle additions, 35 
on properties, 301, 318 
on structure, 300, 314 
in superheated cast iron, effect of, 315 
in ferrite, effect on properties, 352 
in malleable cast iron, effect on graphitization, 366-369 
relation to section size, 351 
in steel castings, effect, 40 
Silicon-manganese steel, composition, 6 
Specific gravity, cast iron, 268 
paalleable cast iron, 352 
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Specific heat, malleable cast iron, 352 
Specific volume {see Density) 

Spheroidizing, effect on creep, 520 
Springs, endurance limit, effect of surface, 409 
wire for, properties, 150 

Statistical analysis, application to mechanical properties, 16 
carbon steels, need for, 192 
importance of, 16 

tensile properties, data on, 86, 91-93 
Strip, carbon steel, tensile properties, cold-rolled, 123 
effect of hot-working practice, 104 
effect of low-temperature heating, 160 
high-carbon steel, tensile properties, cold-rolled and annealed, 164 
effect of prior heat treatment, 149 
normal and abnormal, 166 
low-carbon steel, annealing temperatures, 164 
cold rolled, critical straining in, 166 

effect of annealing on properties, 133, 137, 166 
deep drawing, best mill practice, 138 
tensile properties, effect of annealing, 133, 137, 166 
effect of cold rolling, 132, 136, 166 
effect of hot-working practice, 101, 132, 135 
longitudinal versus transverse, 103 
Structural steels, tensile properties, heat treated, 195, 199 
Structure, carbon steel, effect of hot working, 94 
effect on tensile properties, 139 
cast carbon steel, heat treated, 29 
cast iron, centrifugally cast, 329-332 
effect of ladle additions, 315 
effect of section size, 327 
relation to modulus of elasticity, 294 
Sulphur, in carbon steel, effect on corrosion, 549, 551 
on endurance hmit, 398 
on low-temperature impact, 468 
on resistivity, 588 
in cast carbon steel, effect, 41 

Superheating cast iron, effect on composition and structure, 314 
on properties, 310, 312 
of silicon, 315 
explanation of, 318 
Superheating malleable cast iron, 363 

T 


Technical cohesion strength, relation to notch brittleness, 623 
Temper colors, carT3on steel, 555 
Tensile-impact tests, described, 624 
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Tensile properties, Bessemer versus open-hearth steel, 91-93 
carbon steel, accuracy of data, 11 
application of statistical methods, 16 
below blue-heat range, 469 
charts for, discussed, 190 
cold worked, 138 
ductility versus strength, 91-93 
effect of annealing, 177 
of carbon, 83-91 
of direction of hot working, 94 
of hot-working temperature, 98 
of inclusions, 94 
of manganese, 87-91 
of normalizing, 173 
of phosphorus, 87-91 
of temperature, general trend, 428-438 
elevated-temperature properties, blue-heat range, 472 
cast versus wrought, 472, 474, 479 
effect of age hardemng, 475 
of carbon, 428-430 
of prior heat treatment, 469 
of structure, 470 

formulas for tensile strength, acid and basic steels, 87-91 
German statistical data, 86, 91-93 
hot-rolled, 178 

importance of mass effect, 216 
longitudinal versus transverse, 94 
low-temperature properties, 456-461 
relation to gram size, 240 
relation to impact resistance, 630 
results of statistical analysis, 86, 91-93 
stress-strain diagrams, 433 
wrought steels, effect of carbon, 38 
cast iron, chilled, 334 

effect of annealing, 336-338 
of casting skin, 328 
of casting temperature, 302-309, 323 
of graphite dispersion, 300 
of ladle additions, 315 
of quenching and tempering, 338 
of size of section, 324 
of superheating, 310, 312 
elevated temperatures, 486 
relation to composition and structure, 301 
section-sensitmty factor, 324 
superheated, effect of sihcon, 315 
castings, effect of alummum, 42 
of carbon, 38 
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Tensile properties, castings, effect of casting size, 
of manganese, 39 

elevated-temperature properties, 472, 474 
effect of steel-makmg process, 483-489 
high-carbon, 68-75 
low-carbon, 54-59 
aluminum-killed, 59 
commercial castings, 60, 65 
medium-carbon, 60-67 
commercial castings, 60 
effect of heat treatment, 60-67 
method of determimng tensile properties, 26 
charts of properties, accuracy, 190 
low-carbon steels, 195 
medium-carbon steels, 199 
cold-drawn wire and rod, effect of carbon, 120 
cold-worked steels, annealed, relation to gram size, 166 
effect of carbon, 120 
effect of variation in cold working, 127 
yield strength, 155 
determination of, accuracy, 13-15 
electrolytic iron, elevated temperature, 435 
elevated-temperature, proportional hmit and creep, 519 
ferrite, effect of sihcon, 352 
forging steels, heat treated, 199 
high-carbon steel, abnormal and normal, 166 
effect of annealing and normalizing, 179 
of cold working and annealing, 166 
of quenching, 187 
of temperature, 430-438 
elevated-temperature properties, 450-455 
range of secondary brittleness, 477 
quenched and tempered, 207 
effect of microscopic cracks, 205 
relation to impact resistance, 630 
strip, cold rolled and annealed, 160, 164 
effect of prior heat treatment, 149 
wire, effect of annealing, 159 

effect of prior heat treatment, 146 
ingot iron, in blue-heat range, 472 
heat treated, 183, 193 

low-carbon steel, effect of cold working, 166 
of gram size, 245 
of hot working, 97, 104 
of mass, 217 
of quenching, 183, 187 
of tepiperature, 430-438 
of welding, 670 
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Tensile properties, low-carbon steel, elevated-temperature properties, 460 
455, 509 

age hardening and blue-heat range, 475 
heavy sections, 217 
quenched and tempered, 193, 196 
relation to impact resistance, 630 
stnp, cold rolled and annealed, 137, 160, 166 
effect of cold rolling, 136 
effect of hot rolling, 101, 103, 132, 135 
wire, commercial, 115 
effect of aging, 152 

of amount of drafting, 120 
of galvanizing, 160 
of low-temperature heating, 155 
malleable cast iron, black-heart, 348, 355, 358 
effect of composition, 359 

of short-cycle annealing, 370-374 
of surface decarburization, 359-361 
German practice, 362 
cupola malleable, 355 
effect of section size, 360 
effect of superheating, 363 
high-strength, 365 
recent improvements in, 365 
specifications for, 355, 365 
white-heart, 348 

medium-carbon steel, best heat treatment, 202 
cold worked, 432 
effect of grain size, 245 
of mass, 222 
of quenching, 187 
of temperature, 430-438 
elevated-temperature properties, 450-455 
effect of grain size, 450-455 
heavy sections, 231 
property-mass charts, 222 
quenched and tempered, 199 
relation to impact, 630 
strip, cold worked, 160 
wire, cold worked, effect of patenting, 142 
effect of prior heat treatment, 146 
rails, elevated temperature, relation to shatter cracks, 477 
relation to endurance limit, 387 
seamless tubes, various carbon contents, 126 
specimens for, various gage lengths, 15 
strip, cold rolled, effect of annealing, 133 
of cold-rolling practice, 132 
of various carbon contents, 123 
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Tensile properties, structural steels, heat treated, 193, 199 
terms, defined, 14 

wire, effect of cold working, 114, 120, 131, 139 
effect of patenting, 139 
high-carbon spring wire, 150 
of various carbon contents, 120 
Tensile strength, accuracy of data, 14 

carbon steel, relation to hardness, 615-620 
cast iron, importance, 291 
relation to compressive strength, 295 
relation to modulus of rupture, 291 
stress-strain curves, 292, 297 
formulas for calculating, 87-91 
relation to endurance limit, 387 
notched specimens, 409 
relation to notch-impact resistance, 623 
Thermal conductivity, carbon steel and cast iron, 283, 579-583 
effect of temperature, 581 
ferrite and pearhte, 580, 583 
iron, 579-582 

malleable cast iron, 352, 580 
Thermal expansion, carbon steel and cast iron, 281, 573 
malleable cast iron, 352 

Thermoelectric properties, iron -carbon alloys, 593 
Tool steel, high-carbon, heat treatment, 204 
impact tests, 634 

Torsion-impact tests, brittle materials, 634 
Torsional creep, carbon steels, 519 
Torsional properties, carbon steels, 433-438 
castings, medium-carbon, 75 
ingot iron, elevated temperature, 437, 438 
medium-carbon steel, effect of mass, 226 
Transverse fissures in rails, relation to shatter cracks, 477 
Transverse properties of cast iron, effect of annealing, 336-339 
effect of superheating, 310, 312 
Transverse strength of cast iron, determination of, 289 
effect of casting temperature, 302-309 
of composition and cross-section, 302-309 
of surface, 290 
importance of tests for, 289 
stress-strain curves, 292 
value of, 299 

{See also Modulus of rupt 
Tubes, seamless, cold drawn, properties, 125 

V 

Vapor pressure, iron and iron-carbon alloys, 577 
Viscosity, cast iron, 265 
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W 

Wear resistance, carbon steel, effect of carbon, 668-661 
of grain size, 663 
of retained austenite, 663 
of structure, 659-662 
relation to hardness, 659-662 
cast iron, 276 
factors affecting wear, 658 
ingot iron, cold worked, 661 
low-carbon steel, cold worked, 661 
relation to oxidation, 663 
tests for, 658-660 

Welding carbon steels, arc welding, 668-670 
effect on structure, 665 
effect on tensile and impact properties, 670 
processes for, 665 
Welding cast iron, 280 
Welding malleable cast iron, 355 
White cast iron, composition limits, 301, 314 
fluidity tester for, 269 
general discussion of, 272 
modulus of elasticity, 295 
properties, 334 

Wire, anneahng temperatures for, 163 
bend tests, value of, 113 
carbon steel, properties, effect of carbon, 120 
tensile properties, effect of drafting, 114, 120, 127 
commercial, properties, 115 

effect of annealing, 116-118 
endurance hmit, effect of surface, 411-414 
high-carbon, creep at room temperature, 496 
stress-strain curves, 157 

tensile properties, effect of anneahng, 159, 164 
of drafting practice, 131 
of patenting, 139 
of prior heat treatment, 146 
low-carbon, impact resistance, effect of aging, 152 
tensile properties, aged, 152 

effect of annealmg, 116-118, 155 
of drafting, 116-118, 131 
of galvanizing, 160 

medium-carbon, tensile properties, effect of draftmg, 131 
of patenting, 139, 142 
of prior heat treatment, 146 
patented, properties, 139 
spnng wire, properties, 150 
twist tests, value, 112 
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Work hardening, effect on endurance limit, 401 
Wrought iron, corrosion, general discussion, 646, 647, 661 
definition of, 3 

thermal conductivity, 679“683 

Y 

Yield strength, definition of, 14 
determination of, accuracy* 14 










